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Abstract 

As the population ages, the incidence and prevalence of musculoskeletal degeneration, such as 

osteoarthritis increases. While the currently accepted treatment options provide symptomatic and 

functional improvement, they do not halt the progression of osteoarthritis. This results in eventual 

need for surgery for many patients with advanced osteoarthritis. Due to seemingly inevitable 

progression of OA, many clinicians and researchers have shifted their focus to regenerative therapies. 

Orthobiologics, a specific type of regenerative therapy designed to treat orthopedic conditions, have 

been gaining traction in recent years due to utilization of autologous biological substances and 

synthetic peptides in healing in musculoskeletal injuries and degenerative conditions. Orthobiologics 

can be distinguished into one of four classes: cell-based, biologic fluids-based, matrix-based and 

molecular-based, and based on its composition. In this review, key examples of each class, 

mechanism of action, and current clinical data for each agent are examined. Limitations of current 

orthobiologics involve lack of standardization in preparation and administration each agent as well 

as uniformity in assessment end points across different clinical studies. Lastly, we will discuss future 

directions of orthobiologics as a therapy for treatment in osteoarthritis. 

osteoarthritis; orthobiologics; regenerative medicine; platelet-rich Keywords: knee 

plasma introduction 
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1. Introduction 

Orthobiologics have been gaining popularity in recent years as both incidence and prevalence 

of joint osteoarthritis (OA) continue to increase globally.[1–4] From 1990 to 2020, the prevalence of 

OA rose by 132.2% while age-standardized incidence rate has increased from 233.0 to 255.0 per 

100,000 worldwide.[1] This rise is expected to continue due to increasing age of the population and 

longer life expectancy.[1–4] Orthobiologics, defined as biological substances utilized to promote 

healing in musculoskeletal injuries and degenerative conditions, provide positive disease modifying 

effect that current standardized treatment of OA lack. Increasing number of preclinical and clinical 

trials are currently underway to substantiate this claim. Knee OA has been of particular interest in 

this ongoing research as it accounts for 60-85% of total OA cases globally.[3–5] If orthobiologics can 

provide sustained regenerative effect on degenerative conditions such as knee OA, it can create a 

shift in treatment paradigm where OA can be managed not only by controlling inflammation but by 

molecularly instructing cartilage regeneration. This may result in decreasing disease burden 

worldwide, providing better quality of life in aging population and saving significant medical costs 

in managing this condition. 

2. Methods 

Literature was identified through a comprehensive search of electronic databases, including 

PubMed, MEDLINE, and Google Scholar. A combination of free-text keywords and Medical Subject 

Headings (MeSH) terms was utilized to capture relevant studies. Search terms included 

‘orthobiologics,’ ‘knee osteoarthritis,’ ‘regenerative medicine,’ ‘MSC,’ ‘ACI,’ ‘PRP,’ ‘BMAC,’ ‘SVF,’ 

‘MACI,’ ‘HA hydrogel,’ ‘AMM/ASA,’ ‘MFAT,’ ‘rFGF-18,’ ‘TPX-100,’ ‘lorecivivint,’ ‘LNA043,’ and 

‘BPC-157.’ 

Article selection was conducted through initial abstract screening followed by full-text review. 

Inclusion criteria focused on reviews, clinical studies, and trials evaluating orthobiologics and their 

efficacy in the treatment of knee osteoarthritis and cartilage defects. Key data extracted included 

patient-reported outcomes, histological and imaging evidence of cartilage regeneration, and reported 

adverse effects. 

Eligible studies were limited to those published in English-language journals between 2005 and 

2025, with select earlier landmark studies included to establish foundational concepts. Greater 

emphasis was placed on recent publications to ensure incorporation of the most current clinical 

evidence and to provide a comprehensive overview of orthobiologic therapies. 

3. Limitations in Current Standardized Treatment for Knee Osteoarthritis 

OA, otherwise known as degenerative joint disease, is a condition of significant loss in articular 

cartilage, often due to chronic overuse of the joint. OA is the most common form of arthritis, affecting 

over 12.6% in all American adults.[6] It progresses with age, where repetitive wear-and-tear results 

in increasing degeneration of articular cartilage, eventually leading to disability. While the rate of 

progression and severity of the symptoms vary amongst individuals, common symptoms include 

joint swelling and pain that gradually worsens with activity, as well as progressive limited range of 

motion (ROM) of the joint itself.[6,7] 

Current treatment options for knee OA depend on the stage of the condition (Table 1). There are 

four stages of knee OA: minor, mild, moderate, and severe.[8,9] Minor knee OA, or radiologically 

defined as Kellgren-Lawrence (K-L) grade 1, often presents as little to no pain in the affected knee 

with X-ray revealing possible small joint space narrowing (JSN) with or without early bone spur 

formation. Mild knee OA, or K-L grade 2, is where pain may start to become more noticeable during 

activity with possible limited ROM. X-ray may reveal more pronounced evidence of JSN with definite 

osteophytes. Treatment for these early stages of knee OA are conservative and primarily involve 

lifestyle changes, such as exercise and weight loss. Pharmacological agents are also considered at this 

stage for symptomatic relief, such as nonsteroidal anti-inflammatory drugs (NSAIDs), 
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acetaminophen, or topical capsaicin or lidocaine. Moderate knee OA, or K-L grade 3, is suspected 

when there is persistent pain, swelling and limited ROM with activity. X-ray may reveal definite JSN, 

various osteophytes, sclerosing and possible bony deformity. Magnetic resonance imaging (MRI) 

may reveal inflammation, tear and loss of the articular cartilage. Treatment at this stage is more 

invasive.[8–12] In addition to the conservative measures mentioned previously, treatment here 

includes intra-articular joint injection (IA) with hyaluronic acid (HA) or corticosteroid (CS) and 

denervation therapies such as radiofrequency ablation (RFA) of genicular nerves.[13–17] Severe knee 

OA, or K-L grade 4, is the final stage where daily activities become difficult or impossible due to 

significant pain and restricted ROM in the affected joint. X-ray may reveal significant JSN, sclerosis, 

and bony deformity along with presence of large osteophytes. MRI may reveal minimal to no 

articular cartilage remaining in the joint. Most treatments are less effective at this stage and may 

require surgery, such as total knee replacement (TKR).[7–12] 

While exercise and weight loss remain core tenets of treatment and prevention of knee OA, 

consistent compliance to this regimen remains a challenge to many patients. Often, patients seek 

treatment when OA has already progressed, resulting in exercise intolerance and difficulty in weight 

management.[18–23] Medications that target the inflammatory nature of knee OA, namely NSAIDs, 

are also limited in patients with certain comorbidities as they are associated with increased risks of 

myocardial infarction, cerebrovascular accident, renal damage and bleeding.[24,25] Joint injections 

with hyaluronic acid or corticosteroid and radiofrequency ablation of genicular nerves provide some 

symptomatic relief in cases of mild to moderate knee OA, but do not provide positive disease-

modifying effect needed to prevent progression to severe OA.[13–16,26–30] Due to inadequate 

treatment options in preventing this progression, there has been increasing shift in research focus 

towards therapies with regenerative properties, namely orthobiologics. These orthobiologics target 

specific aspects in pathophysiology of knee OA that has the most potential for regeneration of 

articular cartilage, hence reversal in disease progression. 

Table 1. Current treatment options of knee osteoarthritis: mechanism of action (MOA), effect and limitations. 

Treatment Mechanism of Action  Effect Limitations 

Exercise (land or 

water-based) 

Weight loss and stronger 

support muscles = Less 

axial load and wear/tear 

[31–36] 

Improved 

symptoms and 

function;[37–39] 

prevents further 

joint damage with 

light exercise [31–

34] 

Non-adherence of exercise regimen 

by patients if debilitated by 

symptoms [18–23,40–43] 

Topical/oral 

NSAIDs 

Inhibition of COX 

enzymes = Decreased 

Inflammation [44] 

Improved 

symptoms [45–48] 

Gastrointestinal (GI), renal and 

cardiovascular (CV) toxicity higher 

in oral than topical; [24,25,45]  

Decreased efficacy for more 

advanced OA; No prevention in joint 

degeneration [49–51] 

Topical 

capsaicin 

Downregulation of 

TRPV1 receptor activity 

= Decreased pain [52,53] 

Improved pain [54–

56] 

Decreased efficacy in advanced OA; 

Does not prevent joint degeneration 

[52,54–56] 

Oral 

acetaminophen 

Weak inhibitor of COX 

enzymes; Its metabolite 

(AM404) affects 

cannabinoid, TRPV1 and 

sodium channels to 

modulate pain pathway 

[57] 

Improved pain 

[58,59] 

Hepatotoxic at high doses;[60]  Mild 

increase in GI, renal and CV 

toxicity;[61–63]  Decreased efficacy 

in advanced OA; No prevention in 

joint degeneration [51,64] 
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Oral narcotics 

Opioid receptor agonist 

= Decreased neuronal 

excitability = Decreased 

pain [65] 

Improved pain and 

function [66–68] 

High abuse potential with 

overdose/death due to respiratory 

insufficiency, opioid inducted 

hyperalgesia, endocrine imbalance, 

immune suppression [69–71] 

IA CS 

Glucocorticoid receptor 

agonist = Modulation of 

inflammatory pathways 

= Decreased 

inflammation [72,73] 

Improved 

symptoms and 

function 

temporarily 

[17,27,28] 

Temporary effect, often requires 

repeat injection(s); accelerates joint 

degeneration process with repeated 

injections [27,28,74]  

IA HA 

Lubricates and provides 

shock absorption in the 

joint = Decreased 

inflammation [75] 

Improved pain and 

function [30,75–77] 

Requires repeat injection(s); No 

strong clinical evidence of 

regenerative effect or prevention in 

joint degeneration [77–79] 

RFA genicular 

nerves 

Interrupts pain 

transmission from the 

knee via genicular 

nerves = Decreased pain 

[14,16] 

Improved pain 

[14,16] 

Temporary effect, requires RFA 

every 6-12 months; No prevention in 

joint degeneration [14,16,80,81] 

Total knee 

replacement  

Surgery to replace 

degenerated bones and 

cartilage of the knee 

with metal/plastic 

implants [82] 

Significant relief in 

symptoms and 

restoration of the 

joint function [83–

85] 

Costly, invasive surgery with 

complications including infection, 

thromboembolism and 

cardiopulmonary events;[86–90] 

Higher mortality rate in ill patient 

population [91–93] 

4. Pathophysiology of Knee Osteoarthritis 

The knee is composed of four major components: osseous, cartilage, ligaments, and synovial 

membrane. Osseous components, which include distal femur, proximal tibia, and patella, form the 

structural frame of the knee. Cartilages and ligaments, which attach between osseous components, 

provide articulation of the knee. Synovial membrane produces synovial fluid to lubricate and nourish 

the avascular cartilage.[94] 

In a normal knee, there is a balance between cartilage synthesis and degradation managed by 

healthy chondrocytes. This results in a sustained turnover of articular cartilages needed to endure 

constant stress of weight bearing and joint articulation. Over time, aging, mechanical forces, trauma 

and obesity overwhelm the chondrocytes’ ability to repair cartilage. Due to lack of vasculature and 

innervation, deteriorating cartilage itself does not produce pain or inflammation. Symptoms are 

evident once non-cartilaginous components of the knee, such as synovium, ligament and 

subchondral bone, are affected.[94] Because of this, it is unclear the exact starting point in the 

progression of knee OA. There is ongoing debate on whether inflammation of the joint is secondary 

to OA changes or inflammation itself is the starting point of OA.[95] However, the consensus is that 

inflammation plays a critical role in progression of OA. 

In early stages of OA where pain and swelling are mild, synovial effusion with synovitis is a 

common finding. These effusions are often the first evidence of inflammation as the synovial fluid 

contain multiple pro-inflammatory and immunomodulatory substances, such as cytokines (TNF-α, 

IL-1β, IL-6, and IL-8), growth factors (VEGF, TGF-β, and FGFs), leukotrienes, prostaglandins (PGE2), 

and plasma proteins (CRP). These inflammatory substances are released by leukocytes and 

chondrocytes as a response to increased stress on the cartilage. Inflammatory mediators recruit more 

inflammatory cells and induce matrix metalloproteinases (MMP) which degrade collagen and 

proteoglycans, resulting in breakdown of existing cartilage. Under normal circumstances, 

chondrocytes also release tissue inhibitors of MMPs to stabilize the degradation process and promote 

synthesis of collagen and proteoglycans.[96] However, in the setting of poorly controlled 
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inflammation, further degradation of cartilage induce proliferation and hypertrophy of 

chondrocytes, which reacts to local inflammation with even more release of proinflammatory 

cytokines instead. This continuous cycle of inflammation results in significant destruction in articular 

cartilage and eventual senescence of chondrocytes, impairing the body’s natural ability to 

repair.[94,97] 

Under the inflammatory circumstances, the wingless and int-related protein (Wnt) pathway is 

also thought to be involved in this degenerative process. The Wnt pathway, which is critical in 

cartilage and bone homeostasis, can become aberrant and excessively expressed in such environment, 

resulting in decreased chondrocytic differentiation, increased fibroblastic and osteocytic 

differentiation, and increased production of catabolic proteases. This imbalance initially results in 

cartilage degeneration, synovial inflammation and subchondral bone changes. With continued 

inflammation, it eventually results in inhibition of the Wnt pathway with decreased cartilage and 

bone production overall.[98,99] 

Inflammatory mediators, especially IL-1β, TNF-α, and IL-6, also stimulate underlying 

osteoblasts and osteocytes to increase in receptor activator of nuclear factor κB (RANKL) production, 

which activates osteoclasts.[100] These osteoclasts cause increased bone resorption and remodeling 

at osteochondral junction. Under significant stress, the osteocytes undergo a maladaptive response 

where they produce sclerostin, a regulatory protein that inhibits Wnt pathway, resulting in further 

bone loss. In response to the bone loss, osteoblasts activity increases but due to incomplete 

mineralization of the newly formed trabeculae, it results in subchondral sclerosis with osteophyte 

and bone cysts.[101] This presents as JSN radiographically with joint stiffness and decreased knee 

ROM as symptoms.[94,96,97] Addressing this imbalance between anabolic and catabolic activity in 

the knee OA has been the focus point in development of orthobiologics. 

5. Classifications of Orthobiologics 

Orthobiologics can be distinguished into one of four classes based on their composition: cell-

based, biologic fluids-based, matrix-based, and molecular-based (Tables 2 and 3). Cell-based 

orthobiologics are primarily composed of cells with regenerative properties, such as mesenchymal 

stromal cells (MSCs) or autologous chondrocyte implantation (ACI), that can be injected into ongoing 

OA to promote regrowth of articular cartilage. Biologic fluids-based orthobiologics are broader in 

classification in that they are concentrates of regenerative cells and proteins, such as growth factors 

(GF). Main examples in this class would be platelet-rich plasma (PRP), bone marrow aspirate 

concentrate (BMAC) and stromal vascular fraction (SVF).[102–104] Matrix-based orthobiologics 

utilize scaffolds or matrices to deliver growth factors and cells, providing a structural framework for 

new tissue to grow on.[30,75,77,105,106] Molecular-based orthobiologics are primarily peptides, 

recombinant proteins and growth factors that are delivered directly into the target site to amplify 

body’s self-repair and regeneration. Some molecular-based orthobiologics have also shown to exhibit 

disease modifying effect in OA. Key examples include recombinant fibroblast growth factor-18 

(rrFGF-18), TPX-100, lorecivivint (LOR), LNA043, a derivative of angiopoietin-like 3 (ANGPTL-3), 

and body protection compound-157 (BPC-157).[98,107–112] 

Table 2. Classifications of orthobiologics and its examples. 

Classes of 

orthobiologics 
Composition Key examples 

Cell-based Cells with regenerative properties MSCs, ACI 

Biologic fluids-

based 

Concentrates of regenerative cells and 

proteins 
PRP, BMAC, SVF 

Matrix-based 
Allogenic, xenogeneic or synthetic 

extracellular matrix 

Matrix-induced autologous 

chondrocyte implantation (MACI), HA 

hydrogel, Amniotic membrane 

matrix/amniotic suspension allograft 
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(AMM/ASA), micro-fragmented 

adipose tissue (MFAT) 

 

Molecular-based 

Molecules, such as peptides, with 

regenerative properties and disease-

modifying effect in OA 

rFGF-18, TPX-100, LOR, LNA043, BPC-

157 

 

6. Mechanism of Action and Efficacy Data on Orthobiologics 

6.1. Cell-Based Orthobiologics 

6.1.1. Mesenchymal Stromal Cells 

MSCs are adult stem cells with promising potential in treatment of knee OA primarily due to 

their differentiation capabilities, anti-inflammatory properties, and immunomodulatory effects. They 

are commonly collected from bone marrow and then isolated via density gradient centrifugation. 

Alternatively, they can also be collected and isolated via enzymatic digestion of the adipose tissue. 

They are further isolated and cultured by plating in culture vessels with growth medium, maintained 

at 37°C with 5% CO2. Then, they can be detached from the vessels, tagged with specific markers, such 

as CD73, CD90 or CD105 for further characterization via flow cytometry and preserved in liquid 

nitrogen.[113] 

It is thought that MSCs can differentiate into various cell types in response to local biochemical 

and biomechanical stress. They can be differentiated into chondrocytes via transforming growth 

factor beta (TGF-β) pathway to substantiate chondrocytes’ regenerative effect on hyaline cartilage 

turnover. They can also be differentiated into osteoblasts via bone morphogenetic protein-2 (BMP-2) 

signaling pathway to assist in osseous turnover. If MSCs are introduced to high biomechanical stress 

environment, such as in bone matrices, they are prone to osteogenic differentiation, while if exposed 

to low stress environment, they are more likely to undergo chondrogenic differentiation.[104] Once 

differentiated, these MSCs turned chondrocytes, in the presence of chondroitin sulphate, can provide 

anti-inflammation and immunomodulation via suppressing pro-inflammatory pathways such as NF-

κB, and decreasing the release of inflammatory cytokines (IL-1β and TNF-α), while upregulating anti-

inflammatory proteins, including TNF-α-induced protein 6 (TSG6) and thrombospondin-1.[114,115] 

The thought is that this will keep the vicious cycle of inflammation in the knee OA under control, 

nurturing a healing environment. 

MSCs from bone marrow and synovium are especially promising because they specifically 

exhibited increased differentiation into chondrocytes compared to MSCs from other sources in vitro. 

In addition, if parathyroid hormone-like peptide (PTHrP) and basic fibroblast growth factor (bFGF) 

are added with MSCs, there is suppression in excessive chondrogenic differentiation and synthesis 

of collagen X, keeping the process regulated.[116] 

These in-vitro and ex-vivo studies have shown that MSCs can remain viable for prolonged 

period and retain their differentiating capabilities under various circumstances.[104] Multiple 

randomized controlled trials (RCTs) have been performed since then comparing MSCs to other 

treatment modalities such as HA, CS and placebo. A recent meta-analysis by Tabet et al. across 25 

RCTs with 1048 patients revealed improvement in pain visual analog scale (VAS) in patients with 

knee OA with advanced MSC therapy compared to viscosupplementation up to 12 months. However, 

due to inconsistent inclusion criteria and primary end point assessments, the evidence was 

considered uncertain.[117] A 2025 meta-analysis by Cao et al. across 8 RCTs with 502 patients with 

knee OA revealed more reliable evidenced results with improvement in 6 and 12-month on Western 

Ontario and McMaster Universities Osteoarthritis Index (WOMAC), VAS, and Knee Injury and 

Osteoarthritis Outcome Score (KOOS) with MSC treatment compared to control group with no 

significant differences in adverse effects.[118] Due to dependency to local growth factors and 

cytokines, MSCs solely as the treatment of knee OA has not been as clinically popular compared to 
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biologic fluids-based orthobiologics, such as PRP and BMAC, which already contain variety of 

autologous growth factors and bioactive molecules crucial in regenerative process. 

6.1.2. Autologous Chondrocyte Implantation 

ACI is a procedure that entails harvesting autologous chondrocytes, often through joint 

arthroscopic biopsy, which are then cultured and multiplied to be reimplanted into the damaged 

articular cartilage. The reimplantation occurs through arthrotomy where another harvested patch of 

tissue, such as periosteum from proximal tibia or distal femur, is sewn over the defect and the 

cultured chondrocytes are injected under the membrane. The idea is that these additional 

chondrocytes will aid in repairing articular cartilage defects before OA progresses.[119] 

In the past decade, ACI has been utilized as a treatment option primarily for young patients with 

isolated articular cartilage defect with minimal osteoarthritic changes to decrease the possibility of 

premature total knee replacement. Ideal candidates are young patients with focal defects that can be 

covered with harvested patch of tissue for maximum efficacy. ACI is not commonly used in patients 

with widespread or advanced OA as the membrane or chondrocytes underneath would not be able 

to provide joint-wide regenerative effect.[119] ACI is also not a recommended procedure for elderly 

patients due to decreased reparative ability of autologous chondrocytes.[120] 

In young patients with limited cartilage defect and early OA changes, ACI provided significant 

improvement in pain and function per WOMAC subscales with decreased need for joint replacement 

at 5 year follow up.[119] More recent systematic review by Colombini et al. revealed that ACI, which 

was commonly used in patients with K-L grade 1 OA, provided sustained clinical improvement up 

to 11 years with failure rate of approximately 10%.[121] Despite evidence of clinical efficacy with 

increasing utilization of ACI, reoperation rates remain high due to graft hypertrophy.[122] With 

additional chondrocytes being implanted, there is lack of regulation in collagen production, resulting 

in arthrofibrosis and periosteal hypertrophy.[119] This complication warrants further operations 

including chondroplasty, meniscectomy and microfracture.[122] Currently, the available clinical 

evidence level for ACI is IV and requires more structured, comparative studies, such as RCTs, to 

establish its clinical relevance. 

6.2. Biologic Fluids-Based Orthobiologics 

6.2.1. Platelet-Rich Plasma 

PRP is autologous concentrate of platelets and plasma rich in growth factors and cytokines that 

stimulate repair of damaged tissues and joints. It is utilized in treatment of multiple conditions, 

including OA, tendinopathy, myofascial injuries, and even androgenic alopecia. PRP is commonly 

prepared autologously by blood draw from the patient. 30-60 milliliters (mL) is collected in a sterile 

manner followed by two rounds of centrifugation to separate plasma, platelets and red blood cells. 

The blood is mixed with anticoagulant to prevent premature clotting. Platelet-poor plasma, which is 

concentrated at the top, is removed and the remaining PRP is then collected to be used immediately 

for maximum efficacy.[123] Additional steps, such as leukoreduction filtration or density gradient 

centrifugation, is utilized to create leukocytes-poor PRP, which has shown to be more effective in 

treating OA as it causes less inflammation and pain compared to leukocyte-rich PRP.[124] 

In case of knee OA, PRP is injected intra-articularly, where activated platelets release α-granules 

containing growth factors including TGF-β, vascular endothelial growth factor (VEGF), platelet-

derived growth factor (PDGF), insulin-like growth factor (IGF) and FGF, to accelerate the healing 

process. More specifically, these growth factors stimulate local cells, including chondrocytes, to 

produce new collagen, promote angiogenesis for increased nutrient supply and cellular migration, 

induce anti-inflammatory effect and provide chondroprotection. This allows PRP to stand out 

amongst other commonly used anti-inflammatory treatments, including systemic NSAIDs and intra-

articular CS. 
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A meta-analysis containing 15 RCTs and sample size of 1,314 participants by Han et al. 

compared PRP to HA injection which has shown superiority in WOMAC pain, stiffness, and function 

subscales, VAS pain score at 12 months post-injection with no statistical difference in adverse 

events.[125] More recent meta-analysis of 35 RCTs and 3,104 participants by Qiao et al. comparing 

between PRP, HA, CS, combination therapies, and placebo has substantiated this finding with PRP 

and PRP mixed with HA providing the most improvement in pain and function per WOMAC and 

VAS scores at 3,6 and 12 months post-injection.[76] In two studies by Chang et al. and Filardo et al., 

PRP has shown more appreciable effect on patients with minor to moderate knee OA, or K-L grade 1 

to 3, compared to severe knee OA.[126,127] While there are robust clinical evidence that PRP 

injections provide symptomatic relief especially in non-severe knee OA, to prove the regenerative 

and positive disease modifying effects of PRP is an area of ongoing investigation. 

Wakayama et al. were able to provide some imaging evidence of cartilage regeneration by PRP 

injections, utilizing whole-organ MRI score (WORMS) to assess cartilage integrity and synovial 

volume at medial femorotibial, lateral femorotibial and patellofemoral joints. In their study of 161 

patients who received PRP injections versus historical control group of 30 patients who did not, 6 

months post PRP therapy led to statistically significant improvement in mean and total WORMS 

cartilage score for all three joints with reduction in synovial volume correlating with improvement 

in KOOS.[128] However, their study is not prospective in design due to different patient population 

used between study and control group. Furthermore, their sample size is limited, and much larger 

studies must be done to substantiate imaging evidence of cartilage regeneration via PRP therapy. 

6.2.2. Bone Marrow Aspirate Concentrate 

BMAC is different from PRP in that it is derived from bone marrow via harvesting from the 

posterior iliac crest, with the benefit of obtaining a formulation rich in MSCs and hematopoietic stem 

cells (HSCs) in addition to growth factors and other regenerative bioactive molecules. The bone 

marrow harvest is usually done under local anesthesia with a specialized needle utilized to aspiration 

bone marrow, to about 60-90mL. It is mixed with anticoagulant to prevent clotting, is filtered, and 

undergoes density-gradient centrifugation to isolate a concentrate of MSCs, HSCs, and growth 

factors, which collectively form BMAC.[129] 

BMAC contains similar important bioactive molecules as PRP, such as TGF-β, PDGF, and VEGF. 

However, with the addition of MSCs within BMAC, those molecules promote chondrocyte 

differentiation of stem cells via TGF-β, proliferation of such cells and extracellular matrix deposition 

via PDGF, and nutrient delivery for lasting tissue repair via VEGF. Because of this, BMAC should 

have higher potential of providing both symptomatic and structural changes in knee OA compared 

to PRP, which thus far has provided symptomatic relief primarily.[130] 

When looking primarily in symptomatic and functional improvement, BMAC has not shown to 

be superior to PRP. In a prospective RCT by Anz et al., BMAC and PRP both resulted in improvement 

of WOMAC and subjective International Knee Documentation Committee (IKDC) scores at 12 and 24 

months in patients with K-L grade 1-3 knee OA. However, there was no notable difference between 

those two biologics at any time point.[130] El-Kadiry et al. were able to provide data that BMAC 

therapy does result in longer lasting symptomatic improvement per VAS and WOMAC scores even 

after 24 months while PRP therapy resulted in decline in improvement after 12 months. Other studies, 

however, could not reproduce such positive outcomes when BMAC was compared to PRP, HA, 

and/or placebo.[115] It is important to note that there are inconsistent results across different RCTs 

mainly due to absence of standardized criteria for patient selection and uniform treatment protocols, 

limiting reproducibility of outcomes. 

As for structural changes, Kon et al. provided imaging evidence of positive disease-modifying 

effect of BMAC when their study demonstrated both functional improvement and reduction in bone 

marrow edema on MRI with IA and subchondral BMAC injections.[131] Other studies have 

demonstrated regenerative effect of BMAC on cartilage repair. In a study by Jin et al., patients 

undergoing high tibial osteotomy with microfracture (MFX) combined with BMAC for medial 
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unicompartment knee OA have resulted in improvement of International Cartilage Repair Society 

(ICRS) scores compared to MFX alone (7.8 ± 3.1 vs. 6.0 ± 3.6, p = 0.035).[115,132] In a study by Gobbi 

and Whyte, BMAC and HA combination therapy in full thickness cartilage injury resulted in 

improved KOOS, IKDC, VAS, and Tegner Activity Scale (TAS) as well as enhanced cartilage quality 

visualized by repeat knee arthroscopies.[115,133] 

According to most recent meta-analyses by Han et al. and Jawanda et al. in 2024, BMAC did 

provide symptomatic improvement per VAS, KOOS, and WOMAC for patients with knee OA but it 

did not result in superiority over other injections, such as PRP.[134,135] Not enough studies utilized 

imaging modalities as assessment criteria to be considered an end point for the meta-analyses. While 

BMAC has some promising outcomes and potentials, inconsistent clinical data across multiple RCTs 

continues to be an issue. Standardization of patient selection, preparation protocols, treatment dosage 

and plan, and assessment criteria is crucial in reproducibility of outcomes.[115] Further, more 

evidence on positive disease-modifying effect is required for BMAC to be considered alternative to 

current treatment options for knee OA. 

6.2.3. Stromal Vascular Fraction 

SVF is a collection of cells from adipose tissue comprised of adipose-derived stem cells (ADSCs), 

MSCs, endothelial precursor cells, leukocytes, smooth muscle cells, and pericytes.[136] They are 

obtained via liposuction from subcutaneous adipose tissue, commonly from abdomen or thigh, 

followed by isolation of cells through enzymatic digestion. Collagenase type 1 is the most used 

enzyme to digest tissue matrix, resulting in higher cell count. Alternatively, non-enzymatic or 

mechanical method, such as vortexing, filtration and fragmentation, can be used for faster processing 

but often results in lower yield of cells.[137,138] 

Researchers have recently focused on SVF as a potential alternative to BMAC due to higher 

concentration of MSCs found in adipose tissue compared to bone marrow. In one review, they found 

that adipose tissue contains 500 times more MSCs than bone marrow for the same amount of 

tissue.[137] The hypothesis is that injecting high concentration of MSCs and other stem cells in an 

inflammatory, high mechanical stress environment such as osteoarthritic joint, would result in 

appropriate differentiation of those cells resulting in regeneration of articular cartilages. In a small 

clinical trial of SVF therapy for six patients with grade I/II cartilage defects, Ren et al. found 

improvement in WOMAC pain and function subscale post therapy at 12 and 24 weeks. They also 

utilized 3D MRI imaging of the knee pre- and post-SVF therapy for quantitative evaluation and found 

significant increase in cartilage value in both defect cartilage area and whole cartilage area at 12 

weeks. More specifically, the cross-sectional area and thickness of femoral and tibial cartilages were 

increased.[139] 

More recent, prospective, single-arm cohort study by Boada-Pladellorens et al. with larger 

sample size of 78 knee OA patients revealed similar results in terms of pain and functional 

improvement. Their study found improvement in VAS, all KOOS subscales, and SF-36, a quality-of-

life survey, at 1,6 and 12 months. However, their quantitative assessment via Magnetic Resonance 

Observation of Cartilage Repair Tissue (MOCART) values did not reach statistical significance in 

improvement pre vs. post-SVF therapy.[140] Retrospective studies by Kim et al. and Mehling et al. 

also revealed improvement in pain and mobility up to 12 months with SVF therapy.[141,142] Kim’s 

study even found statistically significant improvement in MOCART values 12 months after SVF and 

arthroscopic treatments compared to arthroscopic treatment alone in patients with moderate to 

severe knee OA. It is possible that differences in MOCART changes between Boada-Pladellorens’ 

study and Kim’s study may be due to arthroscopic intervention and scaffold usage to apply SVF 

directly onto the cartilage defect sites. Unlike Boada-Pladellorens’ study, which used intra-articular 

injection of SVF under ultrasonography, Kim’s study utilized arthroscopic intervention followed by 

fibrin glue product to be used as a scaffold for SVF implantation directly onto the cartilage defect site. 

Kim et al. hypothesized that because studies using cell tracking have found injected MSCs to be 

concentrated in other areas of OA joint, such as synovium, as opposed to cartilage defect site, it is 
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important to implant SVF directly onto the defect lesion. This may explain the differences in 

MOCART results between those two studies.[140,142] 

In a 2025 meta-analysis by Han et al. revealed that across 9 RCTs with 671 patients, SVF resulted 

in improvement in pain and function compared to placebo or HA at 3,6 and 12 months however, it 

was inferior compared to CS at 3 months with no significant differences at 6 and 12 months. Authors 

note high heterogeneity in function scores therefore not a reliable result.[143] 

With some clinical improvement and imaging evidence of cartilage regeneration, SVF therapy 

seems promising for patients with knee OA and cartilage defect. Given SVF appears to be most 

efficacious when applied directly onto the cartilage defect site via arthroscopy, it does not eliminate 

the necessity of surgical intervention. There is a need for high quality, reproducible RCTs to compare 

SVF to placement and to current standard treatment options. There also must be a standardized 

protocol across the studies in processing SVF product, patient selection, application method and 

assessment benchmarks. 

6.3. Matrix-Based Orthobiologics 

6.3.1. Matrix-Induced Autologous Chondrocyte Implantation 

MACI is a newer, more advanced version of ACI with using synthetic biodegradable collagen 

membrane patch as a scaffold instead of autologous soft tissue, such as harvested periosteum. 

Because this patch is produced ex-vivo, it can trim to fit the cartilage defect, and the cultured 

chondrocytes can be seeded onto it prior to implantation. This allows implantation process to be more 

smooth and less invasive, done under arthroscopy as opposed to arthrotomy with harvested 

periosteum. 

While MACI is more appealing on a technical aspect, a prospective randomized study by Bartlett 

et al. did not reveal its superiority over ACI with porcine-derived type I/III collagen as a cover on 

patients with symptomatic chondral defects. Both ACI and MACI treatments resulted in 

improvement in mean modified Cincinnati knee score (17.6 vs. 19.6, p = 0.32) as well as in ICRS score 

in arthroscopic assessment at one year follow up (79.2% vs. 66.6%). The rate of graft hypertrophy was 

6% for ACI vs. 9% for MACI, and reoperation rate for both groups were 9%.[144] Colombini et al. 

have found that MACI was more utilized for mild to severe knee OA, or K-L grade 2 to 4, while ACI 

for K-L grade 1, with similar efficacy, resulting in stable clinical improvements and similar failure 

rate up to 11 years.[121] 

MACI, like ACI, has clinical evidence of providing improvement in pain and function in focal 

full-thickness chondral defects, leading to delay in need for total knee arthroplasty.[121,144,145] 

However, MACI is not supported as a treatment option for diffuse, generalized OA on both technical 

and clinical level. It is an option to consider in younger patients with chondral injury who experience 

symptoms refractory to conservative treatments, to prevent further progression into OA. 

6.3.2. Hyaluronic Acid Hydrogels 

HA hydrogels are cross-linked networks of HA that form a mesh-like scaffold in the joint by 

trapping water. It is commonly created by using agents such as 1,4-butanediol diglycidyl ether 

(BDDE), divinyl sulfone (DVS) and carbodiimides to form covalent bonds between naturally 

occurring HA molecules.[146] Unlike MACI which utilizes a true matrix with load-bearing, cell-

anchoring scaffold, HA hydrogel is primarily a viscoelastic scaffold with weaker mechanical strength 

than collagen.[147] It does, however, provide good bioactivity when anchored with cells and GF, 

such as MSCs or PRP, due to its mesh-like structure.[148,149] Similar to traditional HA injection, HA 

hydrogel injections provide mechanical support with joint lubrication and cushion on a weight-

bearing joint, improving pain and function, especially in K-L grade 2-3 knee OA.[150] HA hydrogel 

has an additional benefit of remaining durable for extended period of time due to their cross-linked 

nature.[151] It has also shown to suppress chondrocyte senescence in knee OA by inhibiting TLR-

2/NF-κB signaling pathway, potentially delaying OA progression.[152] Furthermore, dihydrazide-
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modified or catechol-conjugated aldehyde-modified HA hydrogel is known to mimic the 

extracellular matrix environment, providing natural environment for appropriate chondrocyte 

function and promoting chondrogenic differentiation of stem cells, as evidenced in animal 

models.[149,153] 

Due to its mimicry of accommodating microenvironment coupled with excellent bioactivity, HA 

hydrogel can serve as an exceptional scaffold for many drugs, biomolecules and cells. Common ones 

used are MSCs, cultured chondrocytes, BMPs, TGF-β, PDGF, and CS. When MSCs are anchored to 

HA-hydrogel and injected into the joint, MSCs first differentiate into chondrocytes due to 

biomechanical environment of OA, then HA specifically interacts with CD44 receptors on 

chondrocytes, resulting in further chondrogenesis.[149,153] It is important to note that CD44 is a 

common co-receptor for GFs and therefore, commonly expressed in cancer cells. Therefore, adequate 

cancer screening must be considered prior to utilizing HA-based biomaterials.[154] Other 

biomolecules anchored to HA hydrogel such as PDGF and TGF-β, also promote chondrogenesis via 

recruiting local stem cells (PDGF) followed by chondrogenic differentiation of those cells (TGF-β) 

with HA acting as a medium for cells to adhere to.[149] 

Currently, there are a couple of clinical trials underway that surgically implant HA hydrogel as 

a scaffold for MSCs to treat knee OA. A study being done by Park et al., which is currently in phase 

I/II, revealed that a composite of culture-expanded allogenic human umbilical cord blood-derived 

mesenchymal stem cells (hUCB-MSCs) and HA hydrogel (CARTISTEM) being applied to ICRS grade 

4 cartilage defect site with K-L grade 3 knee OA resulted in improved pain and function with 

arthroscopic and MRI evidence of durable repair without osteogenesis and tumorigenesis at 1,3,7 

year follow up marks.[155] A multicenter RCT phase 3 trial by Lim et al. found similar results with 

surgical implantation of CARTISTEM leading to improvement in ICRS grade at 48 weeks as well as 

pain and function improvement compared to microfracture group at 3 and 5 year follow up.[120] It 

is important to note that these data are based on surgical implantation of hUCB-MSC-HA hydrogel 

and that there is lack of human clinical data on the injectable forms of this composite. However, HA 

hydrogel and its utilization as both viscosupplementation and scaffold for biomolecule delivery is 

promising.[149] With more clinical data on both surgical implantation and injectables, HA hydrogel 

can be a competitive treatment option for knee OA. 

6.3.3. Amniotic Membrane Matrix and Amniotic Suspension Allograft 

Amniotic membrane matrix (AMM) is a collagen and GF-rich biological tissue derived from 

placental inner lining that is commonly applied in wound care to promote healing and anti-

inflammation. It is produced by collecting, processing and sterilizing the inner layer of the placenta 

obtained from healthy screened donors via elective cesarean section delivery.[156] AMM has variety 

of anabolic GFs, including TGF-α, TGF-β, bFGF, epidermal growth factor (EGF), PDGF, and anti-

inflammatory proteins (IL-4, IL-10, and IL-1 receptor antagonist-1). AMM also contains HA and 

various tissue inhibitors of metalloproteinases (TIMP)-1,2,4. This makes AMM an appealing 

orthobiologic as these properties are naturally chondroprotective and anti-inflammatory which can 

slow the degenerative process in OA.[157] 

In the case of knee OA, AMM is often suspended, micronized and cryopreserved to be used as 

injectables, better known as amniotic suspension allograft (ASA).[158] In a double-blind, randomized 

prospective study done by Pill et al., they found both ASA and CS injection provide initial pain and 

function improvement at 6 weeks for patients K-L grade 3 and 4 OA. However, ASA provided more 

sustained pain relief and function at 1 year follow up.[157] Another single-blind, randomized 

multicenter RCT revealed significant improvement in pain and function for patients with K-L grade 

2 and 3 OA per VAS and KOOS score through 12 months with ASA treatment compared to HA or 

placebo. They did not find any statistical differences among ASA, HA, and placebo in X-ray measure 

in the index knee, immunoglobulins, C-reactive protein or anti-HLA serum levels. Also, no 

differences in number and types of adverse events were noted amongst the groups.[159,160] Gomoll 

et al. further found that patients who failed HA or saline placebo treatment had statistically 
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significant improvement in pain and function per Outcome Measures in Arthritis Clinical Trials—

Osteoarthritis Research Society International simplified responder criteria (OMERACT-OARSI) with 

ASA injections at 3,6, and 12 months compared with crossover baseline.[161] 

On a molecular level, it is not surprising that ASA treatment has higher efficacy potential 

compared to HA alone given ASA contains HA intrinsically along with various other anabolic and 

anti-inflammatory biomolecules that promote cartilage repair. However, there has not yet been any 

imaging, histological or clinical evidence of disease modifying effect of ASA. Further investigation 

with objective assessment parameter, such as MRI, arthroscopic or histological evaluation, must be 

used to substantiate the regenerative capabilities of ASA. 

6.3.4. Micro-Fragmented Adipose Tissue 

MFAT is similar to SVF in that it is a processed autologous adipose tissue via liposuction or 

mini-lipoaspiration, rich in MSCs, ADSCs, and GFs. MFAT is mechanically processed, as opposed to 

enzymatic process for SVF, therefore retains surrounding extracellular matrix. This provides natural 

cushioning and scaffold while promoting cartilage repair in conditions like knee OA.[162] 

In a retrospective single center cohort study by Maeda et al., SVF and MFAT treatments were 

compared for efficacy and duration in patients with K-L grade 1-4 knee OA. In their study, both 

groups exhibited notable improvements in knee extension angle, ROM strength and KOOS without 

any significant differences between them. MRI T2 mapping also revealed significant cartilage quality 

improvement in both groups with MFAT group resulting in superior improvement in specific lateral 

regions. MFAT group also revealed greater improvement in knee flexion angle compared to SVF 

group. As for duration of improvement, SVF group responder rate declined over time, especially 

after 6 months while MFAT group revealed sustained improvement at 6 months and up to 12 months 

per OMERACT-OARSI. The authors hypothesize that SVF group result in early rapid symptom relief 

due to its robust anti-inflammatory effect, particularly attributable to M2 macrophages and cytokines, 

such as TGF-β and IL-10. As for prolonged relief observed in the MFAT group, the authors believe 

that the presence of intrinsic extracellular matrix allow for both structural preservation and sustained 

release of cytokines and GFs, promoting tissue repair.[163] 

Given that MFAT and HA both provide cushion-like effect and promote preservation of the 

articulating joint, a RCT led by Molnar et al. compared those two injections in terms of symptom 

improvement and structural changes in knee OA. In their 1 and 6 month follow up, they found that 

both MFAT and HA group exhibited symptomatic and functional improvement, as measured by 

KOOS, WOMAC and VAS. MFAT group did result in more sustained positive improvement across 

1 and 6 months follow up mark as opposed to HA group which plateaued in first month. MFAT 

group specifically showed statistically significant KOOS symptoms subscale at 6 months compared 

to HA, which can be attributable to immunomodulatory effect of MFAT that is not present in HA. 

Authors also utilized delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) which revealed 

greater glycosaminoglycan content in cartilage with MFAT group, supporting its regenerative effect 

via MSCs, ADSCs and GFs clinically.[164] 

When MFAT was compared to biologic fluids containing similar regenerative cells and GFs, such 

as PRP, no significant differences were found in terms of clinical outcomes. In a prospective RCT by 

Zaffagnini et al., both MFAT and PRP groups results in clinical improvement as measured by IKDC 

and KOOS at 6 months follow up. No differences were found in terms of clinical outcomes, adverse 

events and failures. Furthermore, there was no changes in X-ray or MRI findings pre and post 

injections for both groups. Authors did find that MFAT group did reach minimal clinically important 

difference (MCID) per IKDC score at 6 months for more advanced knee OA compared to PRP 

group.[165] Other studies that also compared MFAT and PRP with or without HA found similar non-

superiority results between two groups, even up to 24 months.[166,167] . Given that MFAT has yet 

to prove its superiority over biologic fluids orthobiologics, it is currently considered another 

alternative therapy option. 
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6.4. Molecular-Based Orthobiologics 

6.4.1. Recombinant Fibroblast Growth Factor-18 

rFGF-18 is an Escherichia coli derived 20 kilodalton (kDa) protein, structurally analogous to 

human FGF-18, that plays a significant role in bone and cartilage homeostasis. More specifically, it 

induces proliferation of articular chondrocytes resulting in increased synthesis of hyaline cartilage. 

In rat osteoarthritis models, rFGF-18, or also known as sprifermin as brand name, has shown to 

increase knee joint cartilage thickness. Hochberg et al. started an FGF-18 osteoarthritis randomized 

trial with administration of repeated doses (FORWARD), which is a 5-year, dose finding multicenter 

RCT, currently in phase II of clinical trial. With a sample size of 549 patients with K-L grade 2 or 3 

symptomatic knee OA between the age of 40-85 years old, they were divided into 5 groups with 

variable intra-articular sprifermin doses and regimen at 0 μg or placebo every 6 months (n = 108), 30 

μg at every 6 months (n = 111) or 12 months (n = 110), and 100 μg every 6 months (n = 110) or 12 

months (n = 110). Their primary end point was the difference in total femorotibial joint cartilage 

thickness as measured by quantitative MRI at 2 years. Secondary end points included pain and 

function changes at 2-year mark utilizing WOMAC sores. Amongst 474 patients who completed 2 

years follow up, the authors found dose-dependent increase in total femorotibial joint cartilage 

thickness, with 100 μg every 6 months group exhibiting 0.0 5mm increase (95% CI, 0.03-0.07mm). 

However, they did not find any statistically significant differences in total WOMAC scores when 

compared across different groups. Therefore, clinical importance of rFGF-18, when used alone, is 

currently uncertain despite positive disease modifying change seen on imaging. As for adverse 

events, most common treatment-emergent adverse events were arthralgia and back pain which were 

observed across all 5 groups, including placebo group, with similar incidence. No adverse event 

specifically attributable to sprifermin was noted.[168] There is a possibility that if rFGF-18 were to be 

injected with biocompatible agents that provide anti-inflammatory effect, it can potentially provide 

both symptomatic relief as well as cartilage regeneration. 

6.4.2. TPX-100 

TPX-100 is a 23 amino-acid peptide derived from matrix extracellular phosphoglycoprotein 

(MEPE) that has been shown to promote articular cartilage production in vitro and in vivo. MEPE is 

an important protein produced by osteoblasts and osteocytes for bone turnover, remodeling and 

mineralization. It has shown to be downregulated in OA cases. In goat models with full-thickness 

cartilage defect, TPX-100 resulted in increased type II collage and articular cartilage formation as 

early as 6 months, confirmed with immunostaining. [169] McGuire et al. completed a phase II double-

blind, placebo-controlled RCT with 104 participants, 78 of which were analyzed for quantitative 

femoral B-score and cartilage thickness via MRI 6 and 12 months after TPX-100 injection, as a primary 

efficacy outcome measure. Participants’ reported outcomes, measured by WOMAC, KOOS and 

numeric rating scale for pain (NRS), were documented as clinical outcome measure at 3, 6 and 12 

months. [108,169] 

Participants had bilateral moderate to severe knee cartilage defect (ICRS grades 2-3) and each 

subject’s contralateral knee was given placebo (saline) for paired internal control. TPX-100 was first 

evaluated for safety with sequentially increasing dose at 25 mg, 50 mg, 100 mg and 200 mg per 

injection for 6-9 subjects with no notable adverse effect. For TPX-100-treated knees (4 weekly IA 

injection at 200 mg), they revealed significant decrease in pathologic bone shaped change compared 

to placebo-treated knees at 6 and 12 months. TPX-100-treated knees also exhibited correlation 

between B-score changes and medial and total tibiofemoral cartilage thickness changes at 12 months, 

indicating that TPX-100 significantly delays pathological bone shape change and stabilizes cartilage 

up to 12 months. Furthermore, authors found statistically significant positive changes for both 

WOMAC and KOOS scores at 6 and 12 months with TPX-100 treated knees with decreased overall 

analgesic use, including NSAIDs.[169] Given both imaging evidence of delay in knee OA as well as 

positive clinical outcome, TPX-100 is becoming a promising orthobiologic treatment for patients with 
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cartilage defect. More studies with longer follow up duration is warranted to substantiate the 

currently limited evidence of this peptide. 

6.4.3. Lorecivivint 

LOR is a small-molecule Wnt pathway modulator that provides potential positive disease 

modifying effect in knee OA by inhibiting CDC-like kinase 2 and dual-specificity tyrosine 

phosphorylation-regulated kinase 1A (DYRK1A) within Wnt pathway. In-vitro studies have shown 

that such modulated Wnt signaling results in decreased catabolic proteases and increased 

extracellular matrix production by chondrocytes, reduced STAT3 and NF-κB signaling with 

decreased inflammatory cytokine production by synovium. In rat and dog models, no adverse effects 

were observed at approximately 400 times the intended dose in humans.[98] 

With promising potential with no recorded adverse effects, LOR recently underwent 28-week 

phase 3 multicenter RCT by Yazici et al. with single IA injection of 0.07 mg. This dose was previously 

determined to be most efficacious in phase 2 of the study when compared to other doses 0.03 mg, 

0.23 mg and placebo.[98] In their study, 498 patients with K-L grade 2-3 knee OA underwent single 

IA LOR 0.07 mg injection with follow up at 12 weeks post injection. When compared to placebo, LOR 

failed to meet the primary endpoint of improvement in pain NRS. No significant differences were 

noted across other patient reported outcomes, including WOMAC. Since 51.9% of the patients in this 

study had K-L grade 3 knee OA, authors felt that LOR may be more effective in earlier stages of knee 

OA. They performed post-hoc analysis specifically on patients with K-L grade 2 knee OA and found 

statistically significant improvement in pain NRS at week 4. No adverse effects were noted.[170] 

The same authors then performed 60-month observational extension study of their 12-month 

phase 2a trial and 6-month phase 2b trial, with a total of 584 patients diagnosed with K-L grade 2 or 

3 knee OA. In their post hoc subgroup efficacy analyses, LOR group revealed greater improvement 

in WOMAC pain and function compared to placebo group up to 12 months out. No differences in 

joint space were noted on imaging. No treatment-related adverse effects were noted by the 

authors.[171] Despite seemingly mixed results between current phase 3 trial findings and 

observational extension study from phase 2a/2b, LOR remains a potential orthobiologics for 

treatment of early-stage knee OA, based on its mechanism of action and safety profile, More studies 

must be done to substantiate the efficacy of this medication with additional end points, including 

high quality image assessment, such as MRI. 

6.4.4. LNA043 

LNA043 is a 26kDa protein derived of angiopoietin-like 3 that is a known chondrogenic inducer 

for MSCs. LNA043 promotes chondrogenesis and cartilage production by binding to fibronectin 

receptor, integrinα5β1, on MSCs, and chondrocytes. In vitro studies have confirmed that this results 

in chondrogenic differentiation of MSCs and increased cartilage matrix synthesis by chondrocytes. 

Following in vivo animal studies have confirmed such mechanism of action with observable 

regeneration of hyaline articular cartilage in preclinical OA and cartilage defects. Given this disease 

modifying potential, Gerwin et al. performed a phase I RCT with 28 patients with knee OA scheduled 

for TKR. These patients received one of five IA LNA 043 doses (0.2, 2, 10, 20, or 40 mg), with 4 patients 

per cohort, administered 7 days before the surgery. Additional 20 mg dose was given at 2 hour or 21 

days before the surgery. Only one patient reported mild transient dry mouth and dysgeusia thought 

to be related to the treatment. This was resolved before the completion of the study. No anti-LNA043 

antibodies were detected in patients’ serum.[112] 

During surgery, articular cartilage for each patient was biopsied and sent to laboratory for 

immunohistochemical (IHC) staining. At 7 or 21 days before the surgery administration, LNA043 

was not detectable by IHC in articular cartilage. However, administration 2 hours before the surgery 

revealed detection of LNA043 in articular cartilage by IHC. LNA043 also penetrated four times 

deeper into injured cartilage compared to uninjured cartilage of the same joint. Furthermore, post-

hoc global transcriptomics profiling via RNA sequencing on injured and uninjured cartilage treated 
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with LNA043 revealed downregulation of potential OA mediators, such as fibronectin (FN1), 

osteopontin (SPP1/OPN), delta/notch-like EGF repeat-containing transmembrane receptor (DNER), 

and osteoprotegerin (TNFRSF11B/OPG) and upregulation of cartilage matrix components, including 

matrilin-4 (MATN4) and collagen type IX (COL9A1). LNA043 also upregulated expression of 

dickkopf-1 (DKK1) and frizzled-related protein (FRZB) which are known Wnt pathway inhibitor 

proteins.[112] 

Another study by Trattnig et al. revealed that treatment with four weekly IA LNA043 20 mg 

injections resulted in regeneration of damaged femoral articular cartilage appreciable by MRI when 

compared to placebo, up to 28 weeks. More specifically, medial femoral region with cartilage damage 

had refilling detected overtime compared to no overgrowth in lateral region. Safety profile overall 

was favorable with some reported mild joint swelling and arthralgia compared to placebo.[172] 

Based on its in-vitro and in-vivo findings, LNA043 has promising potential in providing positive 

disease modifying effects on OA joints with minimal adverse effects. By affecting genetic expression, 

single IA injection may provide sustained regenerative effect. As of writing this paper, this drug is in 

phase 2b trial. [112,172] 

6.4.5. Body Protection Compound-157 

BPC-157 is a 15-amino acid peptide originally derived from human gastric fluid that has been 

shown to provide strong anti-inflammatory, angiogenic, collagen producing, cell migrative and 

proliferative properties that are useful in wound healing. Now synthesized chemically in a laboratory 

setting, BPC-157 provides these effects via extracellular signal-regulated kinase 1/2 (ERK 1/2), VEGF2-

nitric oxide (NO), and focal adhesion kinase (FAK)-paxillin signaling pathways. ERK 1/2 pathway 

promotes endothelial and muscle repair, induces angiogenesis and fibroblast activity, and exerts anti-

inflammatory effects. VEGF2-NO pathway also promotes angiogenesis and fibroblast activity, while 

FAK-paxillin pathway is responsible for fibroblast proliferation and collagen synthesis, making BPC-

157 useful in musculoskeletal repairs and performance enhancement.[173] While BPC-157 is known 

to have short half-life, often cited as less than 30 minutes, its effect in animal studies have shown to 

persist for weeks to months.[174–177] These sustained effects are believed to be due to activation of 

multiple gene expression pathways as mentioned before, which can continue independently. 

Therefore, this peptide can potentially serve as a catalyst in triggering self-sustaining healing 

mechanisms present in our bodies without the need for recurrent injuries or inflammation.[173] 

In animal models, BPC-157 has been shown to be effective in tendon and ligament repair, muscle 

regeneration, bone healing, and performance enhancement.[178] However, human clinical trials are 

severely lacking. Especially when it pertains to utilizing BPC-157 as an IA knee injection, one study 

has been completed thus far. In a 2021 study, Lee and Padgett evaluated the effectiveness of BPC-157 

and combination therapy of BPC-157 and thymosin-beta-4 (TB4) in 16 patients with knee pain. 

Fourteen out of 16 patients reported significant pain relief with either BPC-157 or the combination 

therapy from 6 months to 1-year post-injection. However, this study has many limitations including 

lack of unifying diagnosis and of control group, therefore it is very difficult to establish cause-and-

effect relationship and prove the mechanism of action behind the pain relief achieved by patients 

with potentially different diagnoses.[178] 

The lack of human clinical trials results in uncertainty for both efficacy as well as safety profile 

of BPC-157. In three human clinical trials completed as of 2026, all with small sample sizes, none 

reported any notable adverse effects. However, the in-vitro effects of BPC-157 is concerning for 

potential unregulated angiogenesis which could result in proliferation of tumor cells as well as 

amplification of immune and inflammatory diseases.[179,180] BPC-157 is also concerning for 

activation of NO pathway, which can cause inhibition of heme insertion into hemoglobin, resulting 

in altered activity of heme thiolate and cytochrome enzymes, affecting red blood cell formation and 

drug metabolism.[181–183] 
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While BPC-157 has some potentials as a regenerative molecular orthobiologic, more human 

clinical trials must be completed to prove efficacy and safety of BPC-157 in musculoskeletal injuries 

and degeneration. 

Table 3. List of key orthobiologics, their mechanism of actions and current clinical data. 

Orthobiologics Mechanism of action Current clinical data 

MSC 

IA supplementation of MSCs into 

inflammatory OA joint, increasing 

chondrogenic differentiation with 

subsequent cartilage production.[104]  

Can be added with PTHrP, bFGF, to 

control excessive chondrogenesis [116] 

In-vitro and ex-vivo studies 

confirmed MOA.  Multiple RCTs 

and meta-analyses confirmed 

symptomatic relief compared to 

placebo or HA but no imaging or 

histological evidence of 

regeneration yet [104,117,118] 

ACI 

Surgically implanting autologous 

chondrocytes with harvested patch of 

tissue, sewn over the cartilage defect, to 

augment cartilage regeneration over the 

site [119]  

Currently level IV evidence with no 

RCTs.  Mechanically only effective 

for focal cartilage defect.  No 

imaging or histological evidence of 

regeneration.  Small risk of graft 

hypertrophy [119,121,122]   

PRP 

IA injection of autologous platelets and 

plasma rich in GF and cytokines to 

stimulate repair of damaged cartilage 

[123,125] 

Multiple RCTs and meta-analyses  

confirmed symptomatic relief 

compared to placebo, HA and CS 

with some data on cartilage 

regeneration as evidenced by MRI 

[76,125–128] 

BMAC 

IA injection of autologous MSCs, HSCs 

and GFs harvested from bone marrow to 

stimulate repair of damaged cartilage 

augmented by stem cells [129,130] 

Multiple RCTs and meta-analyses  

confirmed symptomatic relief 

compared to placebo, but no 

reproducible studies that reliably 

prove superiority over HA, CS or 

PRP. [115,130,132,133]  Some data 

on cartilage regeneration as 

evidenced by MRI but weak 

evidence currently  [131] 

SVF 

IA injection of autologous ADSCs, MSCs, 

endothelial precursor cells, leukocytes, 

smooth muscle cells and pericytes 

enzymatically processed from adipose 

tissue to stimulate repair of damaged 

cartilage augmented by stem cells. 

[136,139] Similar idea to BMAC but higher 

yield of stem cells with lack of GFs [137] 

Multiple studies revealed pain and 

functional improvement with SVF 

compared to placebo. [139–142]  

Although not consistent, some 

studies have shown cartilage 

regeneration via MRI especially in 

cases of SVF applied directly to 

cartilage defect sites via scaffold 

usage and arthroscopy.[139,141,142]  

Meta-analysis confirm pain and 

functional improvement compared 

to placebo or HA but no imaging 

evidence of regenerative properties 

[143]   

MACI 

ACI utilizing synthetic collagen membrane 

instead of harvested autologous tissue.  

Less invasive than traditional ACI [144] 

No strong evidence of superiority of 

MACI compared to ACI in efficacy. 

[121,144,145]  Similar evidence 

level as ACI  
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HA Hydrogel 

IA injection of HA scaffold, providing both 

mechanical support of the joint and 

excellent bioactivity of anchored 

molecules, including stem cells, drugs and 

GFs.[147–150,153]   

Several clinical trials, especially 

regarding CARTISTEM, has 

revealed most potential for 

treatment of knee OA.  Currently 

in phase 3, CARTISTEM has 

demonstrated improved pain, 

function and durable cartilage 

repair in patients with knee OA and 

cartilage injury. [120,155] No strong 

evidence of injectable form of HA 

hydrogel in treatment of knee OA 

 

AMM/ASA 

 

Surgical implantation (AMM) or IA 

injection (ASA) of collagen and GF rich 

amniotic product to promote anabolic and 

anti-inflammatory effects on degenerative 

joints [156–158] 

 

Few RCTs support prolonged pain 

and functional improvement up to 

12 months with ASA compared to 

CS, HA or placebo.  No differences 

in X-ray measurements or 

inflammatory markers on serum. 

[157,159–161]  

MFAT 

Similar to SVF but mechanically processed 

adipose tissues instead of enzymatic 

process for SVF.  Rich in MSCs, ADSCs 

and GFs.[162]   

One RCT revealed prolonged pain 

and functional improvement with 

MFAT compared to SVF with 

superior improvement with 

cartilage quality per MRI.[163]  

Another RCT demonstrated more 

sustained pain and functional 

improvement of MFAT compared 

to HA.[164]  No differences when 

compared to PRP. [165]   

rFGF-18 

IA injection of peptide analogous to FGF-

18 which induces chondrocyte 

proliferation with increased hyaline 

cartilage synthesis [168] 

Phase 2 clinical trial revealed 

increase in femorotibial joint 

cartilage thickness in dose 

dependent manner of rFGF-18 

measured by MRI at 2-year mark.  

No notable pain and functional 

improvement noted.  No 

treatment-specific adverse effect 

noted.[168]   

TPX-100 

IA injection of peptide derived from MEPE 

that induces articular cartilage 

production.[108,169]  

Phase 2 clinical trial demonstrated 

stabilized tibiofemoral cartilage 

thickness and decrease in 

pathologic bone shaped changes in 

TPX-100 treated knee compared to 

contralateral OA knee with good 

safety profile.  Functional and pain 

improvement also noted up to 12 

months compared to placebo 

[108,169] 

LOR 

IA injection of small molecular Wnt 

pathway modulator that decreases 

catabolic proteases and inflammatory 

cytokine production and increases 

extracellular matrix production [98] 

Phase 3 clinical trial with mixed 

results in pain and functional 

improvement when compared with 

placebo.   Based on post-hoc 

analysis, authors note LOR might 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 33 

 

be more efficacious in earlier stages 

of knee OA.  No imaging evidence 

of regenerative capabilities.[98,170]   

LNA043 

IA injection of peptide that induces 

chondrogenesis and cartilage production 

via fibronectin receptor.  It has shown to 

induce genetic expression favorable in 

delaying OA changes [112] 

Phase 1 clinical trial revealed mild 

transient case of dry mouth and 

dysgeusia but otherwise considered 

safe.  No immunogenicity noted.  

Positive cartilage penetration per 

IHC staining and post-hoc global 

transcriptomics profiling 

demonstrated OA process altering 

gene expression.[112]  Weak 

imaging evidence of cartilage 

regeneration.[172]  Unknown 

clinical importance based on 

current data 

BPC-157 

IA injection of peptide that affects ERK 1/2, 

VEGF2-NO and FAK-paxillin signaling 

pathways resulting in increased 

angiogenesis, fibroblast activity, collagen 

synthesis and anti-inflammation [173]   

Very limited human studies in 

application to knee OA treatment.  

One study revealed improvement in 

knee pain with BPC-157 

combination with TB4 but without 

known diagnosis or  

compared with control group.   

Animal model studies have shown 

evidence of  

musculoskeletal repair.[178] 

Concern for safety profile especially 

in altered drug metabolism, red 

blood cell formation, tumor cell 

proliferation and exacerbation of 

immune and inflammatory diseases 

[179–183]   

7. Current Limitations of Orthobiologics 

Orthobiologics have garnered clinical and research interest in recent years due to their various 

modalities in providing disease modifying effects, particularly in musculoskeletal injuries and 

degeneration. Depending on their composition and classifications, orthobiologics utilize pluripotent 

stem cells, GFs, cytokines, or peptides that alter genetic expressions to provide sustained regenerative 

effects. However, there are limitations that currently prevent them from being adopted as the 

mainstay treatment for musculoskeletal degenerative conditions like OA. 

For cell-based, biologic fluids-based, and some matrix-based orthobiologics, variance in 

autologous sources in terms of age, health and genetics lead to inconsistencies in concentration and 

therefore efficacy of GFs, cytokines and cells. This is compounded by the differences in protocols in 

acquiring, preparing and administering these autologous orthobiologics across practitioners. This 

results in difficulty in achieving consistent and reproducible results clinically and in research across 

patient population.[104] This limitation is not prevalent in molecular-based orthobiologics as they 

are predominantly synthetic therefore, can be manufactured with high specificity and uniformity to 

be used clinically with consistent result. 

More notable limitation that applies to all types of orthobiologics currently is the lack of 

uniformity in inclusion criteria, treatment administration method, assessment criteria and primary 

end points for long-term clinical studies. Particularly in knee OA studies, inclusion criteria for many 

orthobiologic studies varied across different K-L grades with varied numbers and sizes of cartilage 
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defects, making it difficult to interpret results across studies. As for treatment administration 

methods, many studies are utilizing different concentration of orthobiologics and control 

medications, as well as study-specific combination therapy without any replicated studies to verify 

their efficacy results. There are also inconsistent uses of assessment criteria and primary end point in 

both subjective patient reported outcomes, such as WOMAC, KOOS, NRS, and VAS, and objective 

imaging or histological assessments, including X-ray, 3D MRI, dGEMRIC, WORMS, and cartilage 

biopsy with IHC, across studies. The lack of replicated studies with standardized criteria challenges 

the general clinical applicability of the data produced by current studies, therefore it creates hesitancy 

in adopting orthobiologics as the mainstay treatment. 

In addition to lack of standardized clinical trials, there is also limited number of large-scale RCTs 

which makes it difficult to confidently assess the risks of the orthobiologics across different patient 

population. In cases of ACI and MACI, there is always a risk of graft hypertrophy due to uncontrolled 

collagen synthesis by additional chondrocytes.[119,121,122] Variability in GF, cytokines and stem cell 

yield across cell-based and biologic fluids-based orthobiologics may also result in inconsistent 

therapeutic result with unreliable inflammatory response.[184] Furthermore, utilization of GF with 

stem cells has risks of unregulated cellular proliferation with angiogenesis leading to tumor 

formation.[185] There is a necessity in conducting large scale multi-center RCTs across different 

patient population to adequately identify the safety profile for each orthobiologics before adopting 

them clinically. 

8. Discussion 

As clinicians and researchers deepen their understanding of molecular interactions between 

biologics and pathologic conditions, they continue to devise novel biologic therapies that would 

target that pathophysiology differently, with the hopes of higher efficacy and better safety profile. 

With advancements in 3D bioprinting technology, some orthobiologic therapies such as MACI, has 

replaced autologous tissues for synthetic materials, allowing therapies to be more universally 

applicable with less variability yet still have the option for the materials to be individually customized 

for patients’ needs.[106,186,187] 

For other orthobiologics, for example, MSCs with GF mixture and HA hydrogel matrix, 

researchers even devised a combination therapy, CARTISTEM, as they hypothesize such agents may 

achieve synergistic effect together in providing sustained regenerative effect in osteoarthritis.[120] 

This type of creative combinative approach results in vast possibilities in orthobiologic therapies, 

allowing multiple agents to target different aspects of pathophysiology at once, increasing the chance 

of long-lasting, reparative effect. 

For certain molecular orthobiologics, such as LNA043, researchers were able to observe 

modification in specific genetic expression which are beneficial in decelerating the progression of 

osteoarthritis.[112,172] This finding opens the possibility of utilizing gene editing technology, such 

as clustered regularly interspaced short palindromic repeats (CRISPR), to provide specific genetic 

modifications, especially in stem cells, to augment regenerative and reparative effect for degenerative 

conditions. [188] 

With constant innovation for new agents, different combinatorial therapies and possibilities of 

gene expression modification, the potential for orthobiologic therapy is very promising. However, 

because the potentials, possibilities and variabilities of orthobiologic therapies seem boundless, it is 

crucial to standardize and protocolize how these therapies are prepared and assessed clinically. 

Additionally, the preparation and administration of orthobiologics must be protocolized to eliminate 

variance across different practitioners. There must be a uniformed assessment criterion that 

researchers agree upon and adopt as commonplace in evaluating clinical improvement with objective 

evidence of regeneration while accounting for potential adverse effects. This standardization will 

allow future clinical trials and studies of various orthobiologic therapies to be replicable with the data 

becoming more applicable, comparable and extrapolatable across medical field. It will also allow 

meta-analyses of such studies to be more accurate. As singular orthobiologic therapies become first 
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verified with increasing clinical evidence of efficacy and safety, then combinatorial therapies can be 

assessed with higher confidence. 

9. Conclusions 

Orthobiologics is a promising therapy for knee OA unique in that it has the potential to provide 

positive disease-modifying effect which current treatment options do not offer. If it can deliver on its 

potentials, orthobiologics can delay and even reverse the chronological progression of OA, allowing 

patients to have better, more functional quality of life even in their elderly years. It can also 

significantly reduce medical care burden and cost to the system by decreasing the need for frequent 

medications, imaging and surgical care. While cell-based and biologic fluids-based orthobiologics 

have the most potential and clinical attention due to their utilization of autologous stem cells, they 

have more challenges in being adopted en masse due to labor-intensive process in preparing the 

biologics. On the other hand, matrix-based and molecular-based have an advantage of being 

synthetic by nature, allowing them to be manufactured and distributed en masse with minimal labor. 

It also allows their future clinical studies to be easily standardized with consistent dosage and 

administration methods without the variability in concentration. 

Once safety and efficacy are established and widely accepted, orthobiologics can be central in 

advancing the field of regenerative medicine. Its regenerative properties can potentially be applied 

to various musculoskeletal degenerations and injuries outside of osteoarthritis. Continuing to 

understand and expand on the mechanism of action of orthobiologics may also guide the engineering 

of novel regenerative therapies applicable beyond the field of orthopedics. The possibilities of 

translational findings that could arise from continued clinical research on orthobiologics are truly 

exciting for the future of regenerative medicine. It is inspiring many researchers and clinicians to 

push the boundaries of the field.Author Contributions: WL and CLR devised, wrote, and revised the 
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Abbreviations: 

ACI autologous chondrocyte implantation 

ADSC(s) adipose-derived stem cell(s) 

AMM amniotic membrane matrix 

ANGPTL-3 angiopoietin-like 3 

ASA amniotic suspension allograft 

BMAC bone marrow aspirate concentrate 

BMP-2 bone morphogenetic protein-2 

BPC-157 body protection compound-157 

CARTISTEM composite of allogeneic hUCB-MSCs + HA hydrogel (product name used in cited trials) 

CLK2 CDC-like kinase 2 

COX cyclooxygenase 

CRP C-reactive protein 

CRSPR clustered regularly interspaced short palindromic repeats 

CS corticosteroid 

CV cardiovascular 

dGEMRIC delayed gadolinium-enhanced MRI of cartilage 

DKK1 dickkopf-1 

DNER delta/notch-like EGF repeat-containing transmembrane receptor 
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DYRK1A dual-specificity tyrosine phosphorylation-regulated kinase 1A 

EGF epidermal growth factor 

ERK 1/2 extracellular signal-regulated kinase 1/2 

FAK focal adhesion kinase 

FGF / bFGF fibroblast growth factor / basic fibroblast growth factor 

FN1 fibronectin 

FRZB frizzled-related protein (FRZB) 

GF(s) growth factor(s) 

GI gastrointestinal 

HA hyaluronic acid 

hUCB-MSCs human umbilical cord blood–derived mesenchymal stem cells 

HSC(s) hematopoietic stem cell(s) 

IA intra-articular 

ICRS International Cartilage Repair Society 

IHC immunohistochemistry / immunohistochemical 

IGF insulin-like growth factor 

IKDC International Knee Documentation Committee 

IL interleukin 

JSN joint space narrowing 

K-L Kellgren–Lawrence (radiographic grading system for OA severity) 

KOOS Knee injury and Osteoarthritis Outcome Score 

Knee OA knee osteoarthritis 

LNA043 angiopoietin-like 3–derivative LNA043 (cartilage-regeneration candidate) 

LOR lorecivivint 

MACI matrix-induced autologous chondrocyte implantation 

MATN4 matrilin-4 

MCID minimal clinically important difference 

MEPE matrix extracellular phosphoglycoprotein 

MFAT micro-fragmented adipose tissue 

MFX microfracture 

MMP(s) matrix metalloproteinase(s) 

MOA mechanism of action 

MRI magnetic resonance imaging 

MSC(s) mesenchymal stromal cell(s) 

NF-κB nuclear factor kappa B 

NO nitric oxide 

NRS numeric rating scale 

NSAIDs nonsteroidal anti-inflammatory drugs 

OA osteoarthritis 

OMERACT-OARSI Outcome Measures in Rheumatology–Osteoarthritis Research Society International 

OPG osteoprotegerin 

OPN osteopontin 

PDGF platelet-derived growth factor 

PGE2 prostaglandin E2 

PRP platelet-rich plasma 

PTHrP parathyroid hormone–related peptide 

RANKL receptor activator of nuclear factor κB ligand 

RCT randomized controlled trial 

RFA radiofrequency ablation 

rFGF-18 / rrFGF-18 (recombinant) fibroblast growth factor-18 

ROM range of motion 

SF-36 36-Item Short Form Health Survey 

SPP1 secreted phosphoprotein 1 

STAT3 signal transducer and activator of transcription 3 

SVF stromal vascular fraction 

TAS Tegner Activity Scale 

TB4 thymosin beta-4 

TGF-β transforming growth factor beta 

TIMP tissue inhibitor of metalloproteinases 
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TKR total knee replacement 

TLR-2 toll-like receptor 2 

TNF-α tumor necrosis factor alpha 

TNFRSF11B tumor necrosis factor receptor superfamily member 11b 

TRPV1 transient receptor potential vanilloid 1 

TSG6 TNF-α–induced protein 6 

VAS visual analog scale 

VEGF vascular endothelial growth factor 

Wnt wingless/int-related signaling pathway 

WOMAC Western Ontario and McMaster Universities Osteoarthritis Index 

WORMS Whole-Organ Magnetic Resonance Imaging Score 

References 

1. Steinmetz JD, Culbreth GT, Haile LM, Rafferty Q, Lo J, Fukutaki KG, et al. Global, regional, and national 

burden of osteoarthritis, 1990-2020 and projections to 2050: a systematic analysis for the Global Burden of 

Disease Study 2021. Lancet Rheumatol 2023;5:e508–22. https://doi.org/10.1016/S2665-9913(23)00163-7. 

2. Vos T, Allen C, Arora M, Barber RM, Brown A, Carter A, et al. Global, regional, and national incidence, 

prevalence, and years lived with disability for 310 diseases and injuries, 1990–2015: a systematic analysis 

for the Global Burden of Disease Study 2015. The Lancet 2016;388:1545–602. https://doi.org/10.1016/S0140-

6736(16)31678-6. 

3. Long H, Liu Q, Yin H, Wang K, Diao N, Zhang Y, et al. Prevalence Trends of Site-Specific Osteoarthritis 

From 1990 to 2019: Findings From the Global Burden of Disease Study 2019. Arthritis and Rheumatology 

2022;74:1172–83. https://doi.org/10.1002/ART.42089/ABSTRACT. 

4. Cui A, Li H, Wang D, Zhong J, Chen Y, Lu H. Global, regional prevalence, incidence and risk factors of 

knee osteoarthritis in population-based studies. EClinicalMedicine 2020;29–30:100587. 

https://doi.org/10.1016/J.ECLINM.2020.100587. 

5. Langworthy M, Dasa V, Spitzer AI. Knee osteoarthritis: disease burden, available treatments, and emerging 

options. Ther Adv Musculoskelet Dis 2024;16. 

https://doi.org/10.1177/1759720X241273009;WEBSITE:WEBSITE:SAGE;JOURNAL:JOURNAL:TABA;WGR

OUP:STRING:PUBLICATION. 

6. Osteoarthritis | Arthritis | CDC n.d. https://www.cdc.gov/arthritis/osteoarthritis/index.html (accessed 

November 10, 2025). 

7. Knee Osteoarthritis—StatPearls—NCBI Bookshelf n.d. https://www.ncbi.nlm.nih.gov/books/NBK507884/ 

(accessed November 10, 2025). 

8. Kohn MD, Sassoon AA, Fernando ND. Classifications in Brief: Kellgren-Lawrence Classification of 

Osteoarthritis. Clin Orthop Relat Res 2016;474:1886. https://doi.org/10.1007/S11999-016-4732-4. 

9. KELLGREN JH, LAWRENCE JS. Radiological assessment of osteo-arthrosis. Ann Rheum Dis 1957;16:494–

502. https://doi.org/10.1136/ard.16.4.494. 

10. Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, et al. 2019 American College of 

Rheumatology/Arthritis Foundation Guideline for the Management of Osteoarthritis of the Hand, Hip, and 

Knee. Arthritis Care Res (Hoboken) 2020;72:149–62. https://doi.org/10.1002/ACR.24131. 

11. Ryd L, Brittberg M, Eriksson K, Jurvelin JS, Lindahl A, Marlovits S, et al. Pre-Osteoarthritis: Definition and 

Diagnosis of an Elusive Clinical Entity. Cartilage 2015;6:156–65. https://doi.org/10.1177/1947603515586048. 

12. Lespasio MJ, Piuzzi NS, Husni ME, Muschler GF, Guarino A, Mont MA. Knee Osteoarthritis: A Primer. 

Perm J 2017;21:16–183. https://doi.org/10.7812/TPP/16-183. 

13. Huang Y, Deng Q, Yang L, Ma J, Wang Z, Huang D, et al. Efficacy and Safety of Ultrasound-Guided 

Radiofrequency Treatment for Chronic Pain in Patients with Knee Osteoarthritis: A Systematic Review and 

Meta-Analysis. Pain Res Manag 2020;2020. https://doi.org/10.1155/2020/2537075. 

14. Vilchez-Cavazos F, Gamboa Alonso AA, Simental-Mendía M, Peña-Martínez VM, Acosta-Olivo CA, 

Villarreal-Villarreal GA. Genicular Nerve Block for Knee Osteoarthritis: A Systematic Review and Meta-

analysis of Randomized Clinical Trials. Clin J Pain 2024;40:618–24. 

https://doi.org/10.1097/AJP.0000000000001240. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 23 of 33 

 

15. Li G, Zhang Y, Tian L, Pan J. Radiofrequency ablation reduces pain for knee osteoarthritis: A meta-analysis 

of randomized controlled trials. International Journal of Surgery 2021;91. 

https://doi.org/10.1016/j.ijsu.2021.105951. 

16. Li Z, Bai Y, Liu C, Gu Y. Efficacy and Temporal Dynamics of Genicular Nerve Block in Primary and 

Secondary Knee Osteoarthritis for Pain and Function: A Systematic Review and Meta-Analysis of 

Randomized Controlled Trials. J Pain Res 2025;18:3037–48. https://doi.org/10.2147/JPR.S518315. 

17. Popma JW, Snel FW, Haagsma CJ, Brummelhuis-Visser P, Oldenhof HGJ, Van Der Palen J, et al. 

Comparison of 2 Dosages of Intraarticular Triamcinolone for the Treatment of Knee Arthritis: Results of a 

12-week Randomized Controlled Clinical Trial. J Rheumatol 2015;42:1865–8. 

https://doi.org/10.3899/JRHEUM.141630. 

18. Duong V, Daniel MS, Ferreira ML, Fritsch CG, Hunter DJ, Wang X, et al. Measuring adherence to 

unsupervised, conservative treatment for knee osteoarthritis: A systematic review. Osteoarthr Cartil Open 

2021;3:100171. https://doi.org/10.1016/J.OCARTO.2021.100171. 

19. Smith KM, Massey BJ, Young JL, Rhon DI. What are the unsupervised exercise adherence rates in clinical 

trials for knee osteoarthritis? A systematic review. Braz J Phys Ther 2023;27. 

https://doi.org/10.1016/j.bjpt.2023.100533. 

20. Moseng T, Vliet Vlieland TPM, Battista S, Beckwée D, Boyadzhieva V, Conaghan PG, et al. EULAR 

recommendations for the non-pharmacological core management of hip and knee osteoarthritis: 2023 

update. Ann Rheum Dis 2024;83:730–40. https://doi.org/10.1136/ard-2023-225041. 

21. Nelligan RK, Hinman RS, Kasza J, Crofts SJC, Bennell KL. Effects of a Self-directed Web-Based 

Strengthening Exercise and Physical Activity Program Supported by Automated Text Messages for People 

With Knee Osteoarthritis: A Randomized Clinical Trial. JAMA Intern Med 2021;181:776–85. 

https://doi.org/10.1001/JAMAINTERNMED.2021.0991. 

22. Huffman KF, Ambrose KR, Nelson AE, Allen KD, Golightly YM, Callahan LF. The Critical Role of Physical 

Activity and Weight Management in Knee and Hip Osteoarthritis: A Narrative Review. J Rheumatol 

2024;51:224–33. https://doi.org/10.3899/JRHEUM.2023-0819. 

23. Quintrec J-L Le, Verlhac B, Cadet C, Bréville P, Vetel JM, Gauvain JB, et al. Physical Exercise and Weight 

Loss for Hip and Knee Osteoarthritis in Very Old Patients: A Systematic Review of the Literature. Open 

Rheumatol J 2014;8:89. https://doi.org/10.2174/1874312901408010089. 

24. Fanelli A, Ghisi D, Aprile PL, Lapi F. Cardiovascular and cerebrovascular risk with nonsteroidal anti-

inflammatory drugs and cyclooxygenase 2 inhibitors: latest evidence and clinical implications. Ther Adv 

Drug Saf 2017;8:173–82. 

https://doi.org/10.1177/2042098617690485;WEBSITE:WEBSITE:SAGE;REQUESTEDJOURNAL:JOURNAL:

TAWA;ISSUE:ISSUE:DOI. 

25. Baigent C, Bhala N, Emberson J, Merhi A, Abramson S, Arber N, et al. Vascular and upper gastrointestinal 

effects of non-steroidal anti-inflammatory drugs: Meta-analyses of individual participant data from 

randomised trials. The Lancet 2013;382:769–79. https://doi.org/10.1016/S0140-6736(13)60900-9. 

26. Jüni P, Hari R, Rutjes AWS, Fischer R, Silletta MG, Reichenbach S, et al. Intra-articular corticosteroid for 

knee osteoarthritis. Cochrane Database Syst Rev 2015;2015. 

https://doi.org/10.1002/14651858.CD005328.PUB3. 

27. Kompel AJ, Roemer FW, Murakami AM, Diaz LE, Crema MD, Guermazi A. Intra-articular Corticosteroid 

Injections in the Hip and Knee: Perhaps Not as Safe as We Thought? Radiology 2019;293:656–63. 

https://doi.org/10.1148/RADIOL.2019190341. 

28. McAlindon TE, LaValley MP, Harvey WF, Price LL, Driban JB, Zhang M, et al. Effect of Intra-articular 

Triamcinolone vs Saline on Knee Cartilage Volume and Pain in Patients With Knee Osteoarthritis: A 

Randomized Clinical Trial. JAMA 2017;317:1967–75. https://doi.org/10.1001/JAMA.2017.5283. 

29. Qiao X, Yan L, Feng Y, Li X, Zhang K, Lv Z, et al. Efficacy and safety of corticosteroids, hyaluronic acid, 

and PRP and combination therapy for knee osteoarthritis: a systematic review and network meta-analysis. 

BMC Musculoskelet Disord 2023;24. https://doi.org/10.1186/S12891-023-06925-6. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 24 of 33 

 

30. Wang CT, Lin J, Chang CJ, Lin YT, Hou SM. Therapeutic effects of hyaluronic acid on osteoarthritis of the 

knee. A meta-analysis of randomized controlled trials. J Bone Joint Surg Am 2004;86:538–45. 

https://doi.org/10.2106/00004623-200403000-00012. 

31. Uhlrich SD, Mazzoli V, Silder A, Finlay AK, Kogan F, Gold GE, et al. Personalised gait retraining for medial 

compartment knee osteoarthritis: a randomised controlled trial. Lancet Rheumatol 2025;7:e708–18. 

https://doi.org/10.1016/S2665-9913(25)00151-1. 

32. Hunter DJ, Beavers DP, Eckstein F, Guermazi A, Loeser RF, Nicklas BJ, et al. The Intensive Diet and Exercise 

for Arthritis (IDEA) trial: 18-month radiographic and MRI outcomes. Osteoarthritis Cartilage 2015;23:1090–

8. https://doi.org/10.1016/j.joca.2015.03.034. 

33. Lange AK, Vanwanseele B, Foroughi N, Baker MK, Shnier R, Smith RM, et al. Resistive Exercise for 

Arthritic Cartilage Health (REACH): A randomized double-blind, sham-exercise controlled trial. BMC 

Geriatr 2009;9:1. https://doi.org/10.1186/1471-2318-9-1. 

34. Hovis KK, Stehling C, Souza RB, Haughom BD, Baum T, Nevitt M, et al. Physical activity is associated with 

magnetic resonance imaging-based knee cartilage T2 measurements in asymptomatic subjects with and 

those without osteoarthritis risk factors. Arthritis Rheum 2011;63:2248–56. 

https://doi.org/10.1002/ART.30419. 

35. Lo GH, Vinod S, Richard MJ, Harkey MS, McAlindon TE, Kriska AM, et al. Association Between Walking 

for Exercise and Symptomatic and Structural Progression in Individuals With Knee Osteoarthritis: Data 

From the Osteoarthritis Initiative Cohort. Arthritis & Rheumatology 2022;74:1660–7. 

https://doi.org/10.1002/ART.42241. 

36. Zhang H, Wang J, Shuai T, Li K, Nie Y. Effects of Long-Term Walking Exercise on Structural Progression, 

Symptoms, and Extensor Muscle Strength in Patients With Mild or at High Risk of Knee Osteoarthritis Data 

From the Osteoarthritis Initiative. Am J Phys Med Rehabil 2024;103:603–10. 

https://doi.org/10.1097/PHM.0000000000002403. 

37. Thorlund JB, Simic M, Pihl K, Berthelsen DB, Day R, Koes B, et al. Similar Effects of Exercise Therapy, 

Nonsteroidal Anti-inflammatory Drugs, and Opioids for Knee Osteoarthritis Pain: A Systematic Review 

with Network Meta-analysis. Https://DoiOrg/102519/Jospt202210490 2022;52:207–16. 

https://doi.org/10.2519/JOSPT.2022.10490. 

38. Yan L, Li D, Xing D, Fan Z, Du G, Jiu J, et al. Comparative efficacy and safety of exercise modalities in knee 

osteoarthritis: systematic review and network meta-analysis. BMJ 2025;391:e085242. 

https://doi.org/10.1136/BMJ-2025-085242. 

39. Fransen M, McConnell S, Harmer AR, Van Der Esch M, Simic M, Bennell KL. Exercise for osteoarthritis of 

the knee: a Cochrane systematic review. Br J Sports Med 2015;49:1554–7. https://doi.org/10.1136/BJSPORTS-

2015-095424. 

40. Petursdottir U, Arnadottir SA, Halldorsdottir S. Facilitators and barriers to exercising among people with 

osteoarthritis: a phenomenological study. Phys Ther 2010;90:1014–25. https://doi.org/10.2522/PTJ.20090217. 

41. Campbell R, Evans M, Tucker M, Quilty B, Dieppe P, Donovan JL. Why don’t patients do their exercises? 

Understanding non-compliance with physiotherapy in patients with osteoarthritis of the knee. J Epidemiol 

Community Health (1978) 2001;55:132–8. https://doi.org/10.1136/JECH.55.2.132. 

42. Marks R, Allegrante JP. Chronic Osteoarthritis and Adherence to Exercise: A Review of the Literature. J 

Aging Phys Act 2005;13:434–60. https://doi.org/10.1123/JAPA.13.4.434. 

43. Marks R. Knee Osteoarthritis and Exercise Adherence: A Review. Curr Aging Sci 2012;5:72–83. 

https://doi.org/10.2174/1874609811205010072. 

44. Vane JR, Botting RM. Mechanism of action of nonsteroidal anti-inflammatory drugs. American Journal of 

Medicine 1998;104. https://doi.org/10.1016/S0002-9343(97)00203-9. 

45. Da Costa BR, Pereira T V., Saadat P, Rudnicki M, Iskander SM, Bodmer NS, et al. Effectiveness and safety 

of non-steroidal anti-inflammatory drugs and opioid treatment for knee and hip osteoarthritis: network 

meta-analysis. BMJ 2021;375:2321. https://doi.org/10.1136/BMJ.N2321. 

46. Osani MC, Vaysbrot EE, Zhou M, McAlindon TE, Bannuru RR. Duration of Symptom Relief and Early 

Trajectory of Adverse Events for Oral Nonsteroidal Antiinflammatory Drugs in Knee Osteoarthritis: A 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 25 of 33 

 

Systematic Review and Meta-Analysis. Arthritis Care Res (Hoboken) 2020;72:641–51. 

https://doi.org/10.1002/ACR.23884. 

47. Biswal S, Medhi B, Pandhi P. Longterm efficacy of topical nonsteroidal antiinflammatory drugs in knee 

osteoarthritis: metaanalysis of randomized placebo controlled clinical trials. Journal of Rheumatology 

2006;33:1841–4. 

48. Baer PA, Thomas LM, Shainhouse Z. Treatment of osteoarthritis of the knee with a topical diclofenac 

solution: a randomised controlled, 6-week trial [ISRCTN53366886]. BMC Musculoskelet Disord 2005;6. 

https://doi.org/10.1186/1471-2474-6-44. 

49. Sayburn A. NSAIDs fail to reduce joint inflammation for people with arthritis of the knee, study results 

show. Pharmaceutical Journal 2022;309. https://doi.org/10.1211/PJ.2022.1.167358. 

50. Edwards RR, Dolman AJ, Martel MO, Finan PH, Lazaridou A, Cornelius M, et al. Variability in conditioned 

pain modulation predicts response to NSAID treatment in patients with knee osteoarthritis. BMC 

Musculoskelet Disord 2016;17. https://doi.org/10.1186/S12891-016-1124-6. 

51. Case JP, Baliunas AJ, Block JA. Lack of Efficacy of Acetaminophen in Treating Symptomatic Knee 

Osteoarthritis: A Randomized, Double-blind, Placebo-Controlled Comparison Trial With Diclofenac 

Sodium. Arch Intern Med 2003;163:169–78. https://doi.org/10.1001/ARCHINTE.163.2.169. 

52. Chung MK, Campbell JN. Use of Capsaicin to Treat Pain: Mechanistic and Therapeutic Considerations. 

Pharmaceuticals (Basel) 2016;9. https://doi.org/10.3390/PH9040066. 

53. Dray A. Mechanism of action of capsaicin-like molecules on sensory neurons. Life Sci 1992;51:1759–65. 

https://doi.org/10.1016/0024-3205(92)90045-Q. 

54. Tshering G, Posadzki P, Kongkaew C. Efficacy and safety of topical capsaicin in the treatment of 

osteoarthritis pain: A systematic review and meta-analysis. Phytother Res 2024;38:3695–705. 

https://doi.org/10.1002/PTR.8223. 

55. Laslett LL, Jones G. Capsaicin for osteoarthritis pain. Prog Drug Res 2014;68:277–91. 

https://doi.org/10.1007/978-3-0348-0828-6_11. 

56. Guedes V, Castro JP, Brito I. Topical capsaicin for pain in osteoarthritis: A literature review. Reumatol Clin 

2018;14:40–5. https://doi.org/10.1016/j.reuma.2016.07.008. 

57. Ohashi N, Kohno T. Analgesic Effect of Acetaminophen: A Review of Known and Novel Mechanisms of 

Action. Front Pharmacol 2020;11:580289. https://doi.org/10.3389/FPHAR.2020.580289/BIBTEX. 

58. Leopoldino AO, MacHado GC, Ferreira PH, Pinheiro MB, Day R, McLachlan AJ, et al. Paracetamol versus 

placebo for knee and hip osteoarthritis. Cochrane Database Syst Rev 2019;2. 

https://doi.org/10.1002/14651858.CD013273. 

59. Zhang W, Jones A, Doherty M. Does paracetamol (acetaminophen) reduce the pain of osteoarthritis?: A 

meta-analysis of randomised controlled trials. Ann Rheum Dis 2004;63:901–7. 

https://doi.org/10.1136/ard.2003.018531. 

60. Sabaté M, Ibáñez L, Pérez E, Vidal X, Buti M, Xiol X, et al. Paracetamol in therapeutic dosages and acute 

liver injury: causality assessment in a prospective case series. BMC Gastroenterol 2011;11:80. 

https://doi.org/10.1186/1471-230X-11-80. 

61. Macintyre IM, Turtle EJ, Farrah TE, Graham C, Dear JW, Webb DJ. Regular Acetaminophen Use and Blood 

Pressure in People With Hypertension: The PATH-BP Trial. Circulation 2022;145:416–23. 

https://doi.org/10.1161/CIRCULATIONAHA.121.056015. 

62. Fored CM, Ejerblad E, Lindblad P, Fryzek JP, Dickman PW, Signorello LB, et al. Acetaminophen, aspirin, 

and chronic renal failure. Int Urol Nephrol 2002;34:164–5. 

https://doi.org/10.1056/NEJMOA010323;PAGE:STRING:ARTICLE/CHAPTER. 

63. García Rodríguez LA, Hernández-Díaz S. Relative risk of upper gastrointestinal complications among 

users of acetaminophen and nonsteroidal anti-inflammatory drugs. Epidemiology 2001;12:570–6. 

https://doi.org/10.1097/00001648-200109000-00018. 

64. Miceli-Richard C, Le Bars M, Schmidely N, Dougados M. Paracetamol in osteoarthritis of the knee. Ann 

Rheum Dis 2004;63:923–30. https://doi.org/10.1136/ard.2003.017236. 

65. Snyder SH, Pasternak GW. Historical review: Opioid receptors. Trends Pharmacol Sci 2003;24:198–205. 

https://doi.org/10.1016/S0165-6147(03)00066-X. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 26 of 33 

 

66. Kivitz A, Ma C, Ahdieh H, Galer BS. A 2-week, multicenter, randomized, double-blind, placebo-controlled, 

dose-ranging, phase III trial comparing the efficacy of oxymorphone extended release and placebo in adults 

with pain associated with osteoarthritis of the hip or knee. Clin Ther 2006;28:352–64. 

https://doi.org/10.1016/j.clinthera.2006.03.008. 

67. Roth SH, Fleischmann RM, Burch FX, Dietz F, Bockow B, Rapoport RJ, et al. Around-the-Clock, Controlled-

Release Oxycodone Therapy for Osteoarthritis-Related Pain: Placebo-Controlled Trial and Long-term 

Evaluation. Arch Intern Med 2000;160:853–60. https://doi.org/10.1001/ARCHINTE.160.6.853. 

68. Babul N, Noveck R, Chipman H, Roth SH, Gana T, Albert K. Efficacy and safety of extended-release, once-

daily tramadol in chronic pain: A randomized 12-week clinical trial in osteoarthritis of the knee. J Pain 

Symptom Manage 2004;28:59–71. https://doi.org/10.1016/j.jpainsymman.2003.11.006. 

69. Altawili AA, Altawili MA, Alzarar AH, Abdulrahim NM, Alquraish HH, Alahmari MA, et al. Adverse 

Events of the Long-Term Use of Opioids for Chronic Non-cancer Pain: A Narrative Review. Cureus 2024;16. 

https://doi.org/10.7759/CUREUS.51475. 

70. Paul AK, Smith CM, Rahmatullah M, Nissapatorn V, Wilairatana P, Spetea M, et al. Opioid Analgesia and 

Opioid-Induced Adverse Effects: A Review. Pharmaceuticals 2021, Vol 14, Page 1091 2021;14:1091. 

https://doi.org/10.3390/PH14111091. 

71. Chou R, Turner JA, Devine EB, Hansen RN, Sullivan SD, Blazina I, et al. The Effectiveness and Risks of 

Long-Term Opioid Therapy for Chronic Pain: A Systematic Review for a National Institutes of Health 

Pathways to Prevention Workshop. Https://DoiOrg/107326/M14-2559 2015;162:276–86. 

https://doi.org/10.7326/M14-2559. 

72. Testa G, Giardina SMC, Culmone A, Vescio A, Turchetta M, Cannavò S, et al. Intra-Articular Injections in 

Knee Osteoarthritis: A Review of Literature. J Funct Morphol Kinesiol 2021;6:15. 

https://doi.org/10.3390/JFMK6010015. 

73. Pavone V, Vescio A, Turchetta M, Giardina SMC, Culmone A, Testa G. Injection-Based Management of 

Osteoarthritis of the Knee: A Systematic Review of Guidelines. Front Pharmacol 2021;12:661805. 

https://doi.org/10.3389/FPHAR.2021.661805/BIBTEX. 

74. Jüni P, Hari R, Rutjes AWS, Fischer R, Silletta MG, Reichenbach S, et al. Intra-articular corticosteroid for 

knee osteoarthritis. Cochrane Database Syst Rev 2015;2015. 

https://doi.org/10.1002/14651858.CD005328.PUB3. 

75. Sherman SL, Gudeman AS, Kelly JD, Dimeff RJ, Farr J. Mechanisms of Action of Intra-articular Hyaluronic 

Acid Injections for Knee Osteoarthritis: A Targeted Review of the Literature. Am J Sports Med 

2025;53:2771–82. https://doi.org/10.1177/03635465241302820. 

76. Qiao X, Yan L, Feng Y, Li X, Zhang K, Lv Z, et al. Efficacy and safety of corticosteroids, hyaluronic acid, 

and PRP and combination therapy for knee osteoarthritis: a systematic review and network meta-analysis. 

BMC Musculoskelet Disord 2023;24. https://doi.org/10.1186/S12891-023-06925-6. 

77. Campbell JB, Associatey R, Bellamy N, Gee T. Differences between systematic reviews/meta-analyses of 

hyaluronic acid/hyaluronan/hylan in osteoarthritis of the knee n.d. 

https://doi.org/10.1016/j.joca.2007.01.022. 

78. Jubb RW, Piva S, Beinat L, Dacre J, Gishen P. A one-year, randomised, placebo (saline) controlled clinical 

trial of 500-730 KDA sodium hyaluronate (hyalgan®) on the radiological change in osteoarthritis of the 

knee. Int J Clin Pract 2003;57:467–74. https://doi.org/10.1111/J.1742-

1241.2003.TB10535.X;WGROUP:STRING:PUBLICATION. 

79. DeGroot H, Uzunishvili S, Weir R, Al-omari A, Gomes B. Intra-articular injection of hyaluronic acid is not 

superior to saline solution injection for ankle arthritis: a randomized, double-blind, placebo-controlled 

study. J Bone Joint Surg Am 2012;94:2–8. https://doi.org/10.2106/JBJS.J.01763. 

80. Carrier JD, Poliak-Tunis M. Genicular Radiofrequency Ablation for the Treatment of Post-traumatic Knee 

Pain: A Case Presentation. PM&R 2018;10:1279–82. https://doi.org/10.1016/J.PMRJ.2018.03.016. 

81. Hong T, Wang H, Li G, Yao P, Ding Y. Systematic Review and Meta-Analysis of 12 Randomized Controlled 

Trials Evaluating the Efficacy of Invasive Radiofrequency Treatment for Knee Pain and Function. Biomed 

Res Int 2019;2019:9037510. https://doi.org/10.1155/2019/9037510. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 27 of 33 

 

82. Zimnoch J, Syrówka P, Tarnacka B. Advancements in Total Knee Arthroplasty over the Last Two Decades. 

J Clin Med 2025;14:5375. https://doi.org/10.3390/JCM14155375. 

83. Evans JT, Walker RW, Evans JP, Blom AW, Sayers A, Whitehouse MR. How long does a knee replacement 

last? A systematic review and meta-analysis of case series and national registry reports with more than 15 

years of follow-up. The Lancet 2019;393:655–63. https://doi.org/10.1016/s0140-6736(18)32531-5. 

84. Woodland N, Takla A, Estee MM, Franks A, Bhurani M, Liew S, et al. Patient-Reported Outcomes following 

Total Knee Replacement in Patients Aged 65 Years and Over-A Systematic Review. J Clin Med 2023;12. 

https://doi.org/10.3390/JCM12041613. 

85. Skou ST, Roos EM, Laursen MB, Rathleff MS, Arendt-Nielsen L, Simonsen O, et al. A Randomized, 

Controlled Trial of Total Knee Replacement. New England Journal of Medicine 2015;373:1597–606. 

https://doi.org/10.1056/NEJMOA1505467;PAGE:STRING:ARTICLE/CHAPTER. 

86. Lovald ST, Ong KL, Malkani AL, Lau EC, Schmier JK, Kurtz SM, et al. Complications, mortality, and costs 

for outpatient and short-stay total knee arthroplasty patients in comparison to standard-stay patients. 

Journal of Arthroplasty 2014;29:510–5. https://doi.org/10.1016/j.arth.2013.07.020. 

87. Diaz-Dilernia F, Steinfeld Y, Pincus D, Spangehl M, Ravi B. Incidence and timing of postoperative 

complications after total hip and knee arthroplasty. Can J Surg 2024;67:E377–82. 

https://doi.org/10.1503/CJS.004724. 

88. Seah VW, Singh G, Ying Yang K, Jin Yeo S, Nung Lo N, Hong Seow K, et al. Annals Academy of Medicine 

Thirty-day Mortality and Morbidity After TKA-Victor WT Seah et al. Thirty-day Mortality and Morbidity 

After Total Knee Arthroplasty n.d. 

89. Bhandari M, Smith J, Miller LE, Block JE. Clinical and Economic Burden of Revision Knee Arthroplasty. 

Clin Med Insights Arthritis Musculoskelet Disord 2012;5:89. https://doi.org/10.4137/CMAMD.S10859. 

90. Marsh J, Joshi I, Somerville L, Vasarhelyi E, Lanting B. Health care costs after total knee arthroplasty for 

satisfied and dissatisfied patients. Canadian Journal of Surgery 2022;65:E562. 

https://doi.org/10.1503/CJS.006721. 

91. Choi HJ, Yoon HK, Oh HC, Yoo JH, Choi CH, Lee JH, et al. Incidence and risk factors analysis for mortality 

after total knee arthroplasty based on a large national database in Korea. Scientific Reports 2021 11:1 

2021;11:15772-. https://doi.org/10.1038/s41598-021-95346-3. 

92. Kim S, Won SJ, Lee NK, Chang CB. Life Expectancy of Patients Undergoing Total Knee Arthroplasty: 

Comparison With General Population. J Korean Med Sci 2024;39. 

https://doi.org/10.3346/JKMS.2024.39.E106. 

93. Zhai K, Orr M, Grits D, Emara AK, Rothfusz CA, Piuzzi NS. Factors Affecting 30-Day Mortality following 

Primary Elective Total Knee Arthroplasty: A Database Study of 326,157 Patients. Journal of Knee Surgery 

2021;36:575–83. https://doi.org/10.1055/S-0041-1740386. 

94. Mora JC, Przkora R, Cruz-Almeida Y. Knee osteoarthritis: pathophysiology and current treatment 

modalities. J Pain Res 2018;11:2189. https://doi.org/10.2147/JPR.S154002. 

95. Ayhan E, Kesmezacar H, Akgun I. Intraarticular injections (corticosteroid, hyaluronic acid, platelet rich 

plasma) for the knee osteoarthritis. World J Orthop 2014;5:351. https://doi.org/10.5312/WJO.V5.I3.351. 

96. Vad VB, Adin DR, Solomon J. Knee Osteoarthritis. Crit Rev Phys Rehabil Med 2023;16:211–31. 

https://doi.org/10.1615/CritRevPhysRehabilMed.v16.i3.30. 

97. Yunus MHM, Nordin A, Kamal H. Pathophysiological Perspective of Osteoarthritis. Medicina (B Aires) 

2020;56:614. https://doi.org/10.3390/MEDICINA56110614. 

98. Yazici Y, McAlindon TE, Gibofsky A, Lane NE, Clauw D, Jones M, et al. Lorecivivint, a Novel Intraarticular 

CDC-like Kinase 2 and Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase 1A Inhibitor and Wnt 

Pathway Modulator for the Treatment of Knee Osteoarthritis: A Phase II Randomized Trial. Arthritis and 

Rheumatology 2020;72:1694–706. https://doi.org/10.1002/art.41315. 

99. Wang Y, Fan X, Xing L, Tian F. Wnt signaling: a promising target for osteoarthritis therapy. Cell 

Communication and Signaling 2019 17:1 2019;17:97-. https://doi.org/10.1186/s12964-019-0411-x. 

100. Torres HM, Arnold KM, Oviedo M, Westendorf JJ, Weaver SR. Inflammatory Processes Affecting Bone 

Health and Repair. Curr Osteoporos Rep 2023;21:842. https://doi.org/10.1007/s11914-023-00824-4. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 28 of 33 

 

101. Donell S. Subchondral bone remodelling in osteoarthritis. EFORT Open Rev 2019;4:221. 

https://doi.org/10.1302/2058-5241.4.180102. 

102. Winkler T, Oehme S, Hildebrandt A, Paolucci A, Pichler L. Evidence-based guidelines on orthobiologics. 

EFORT Open Rev 2025;10:345. https://doi.org/10.1530/EOR-2025-0069. 

103. Jeyaraman M, Jeyaraman N, Ramasubramanian S, Balaji S, Muthu S. Evidence-based orthobiologic practice: 

Current evidence review and future directions. World J Orthop 2024;15:908. 

https://doi.org/10.5312/WJO.V15.I10.908. 

104. Costa FR, Pires L, Martins RA, Santos M, Santos GS, Lana JV, et al. Orthobiologics Revisited: A Concise 

Perspective on Regenerative Orthopedics. Current Issues in Molecular Biology 2025, Vol 47, Page 247 

2025;47:247. https://doi.org/10.3390/CIMB47040247. 

105. Gupta A. Amniotic Suspension Allograft for Treatment of Knee Osteoarthritis. Biomedicines 2022;10:2658. 

https://doi.org/10.3390/BIOMEDICINES10102658. 

106. Dunkin BS, Lattermann C. New and Emerging Techniques in Cartilage Repair: MACI. Oper Tech Sports 

Med 2013;21:100. https://doi.org/10.1053/J.OTSM.2013.03.003. 

107. Li J, Wang X, Ruan G, Zhu Z, Ding C. Sprifermin: a recombinant human fibroblast growth factor 18 for the 

treatment of knee osteoarthritis. Expert Opin Investig Drugs 2021;30:923–30. 

https://doi.org/10.1080/13543784.2021.1972970. 

108. McGuire D, Bowes M, Brett A, Segal N. INTRA-ARTICULAR TPX-100 SIGNIFICANTLY IMPROVES PAIN 

MEASURES AND SLOWS PATHOLOGICAL BONE SHAPE CHANGE IN KNEE OA. Osteoarthritis 

Cartilage 2022;30:S193. https://doi.org/10.1016/j.joca.2022.02.258. 

109. Lee E, Padgett B, Professor A. Lee-Injection of BPC 157 for Multiple Types of knee Pain Intra-Articular 

Injection of BPC 157 for Multiple Types of Knee Pain ORIgINAL RESEARCH n.d.;27. 

110. Tufan AC. Analogs of C-type natriuretic peptide as a potential new non-surgical treatment strategy in knee 

osteoarthritis. J Orthop 2019;16:522. https://doi.org/10.1016/J.JOR.2019.05.006. 

111. Kim H, Seo J, Lee Y, Park K, Perry TA, Arden NK, et al. The current state of the osteoarthritis drug 

development pipeline: a comprehensive narrative review of the present challenges and future 

opportunities. Ther Adv Musculoskelet Dis 2022;14:1759720X221085952. 

https://doi.org/10.1177/1759720X221085952. 

112. Gerwin N, Scotti C, Halleux C, Fornaro M, Elliott J, Zhang Y, et al. Angiopoietin-like 3-derivative LNA043 

for cartilage regeneration in osteoarthritis: a randomized phase 1 trial. Nature Medicine 2022 28:12 

2022;28:2633–45. https://doi.org/10.1038/s41591-022-02059-9. 

113. Bieback K, Schallmoser K, Klüter H, Strunk D. Clinical Protocols for the Isolation and Expansion of 

Mesenchymal Stromal Cells. Transfusion Medicine and Hemotherapy 2008;35:286. 

https://doi.org/10.1159/000141567. 

114. Du Souich P, García AG, Vergés J, Montell E. Immunomodulatory and anti-inflammatory effects of 

chondroitin sulphate. J Cell Mol Med 2009;13:1451. https://doi.org/10.1111/J.1582-4934.2009.00826.X. 

115. Park D, Koh HS, Choi YH, Park I. Bone Marrow Aspirate Concentrate (BMAC) for Knee Osteoarthritis: A 

Narrative Review of Clinical Efficacy and Future Directions. Medicina 2025, Vol 61, Page 853 2025;61:853. 

https://doi.org/10.3390/MEDICINA61050853. 

116. Weiss S, Hennig T, Bock R, Steck E, Richter W. Impact of growth factors and PTHrP on early and late 

chondrogenic differentiation of human mesenchymal stem cells. J Cell Physiol 2010;223:84–93. 

https://doi.org/10.1002/JCP.22013. 

117. Tabet CG, Pacheco RL, Martimbianco ALC, Riera R, Hernandez AJ, Bueno DF, et al. Advanced therapy 

with mesenchymal stromal cells for knee osteoarthritis: Systematic review and meta-analysis of 

randomized controlled trials. J Orthop Translat 2024;48:176–89. https://doi.org/10.1016/j.jot.2024.07.012. 

118. Cao M, Ou Z, Sheng R, Wang Q, Chen X, Zhang C, et al. Efficacy and safety of mesenchymal stem cells in 

knee osteoarthritis: a systematic review and meta-analysis of randomized controlled trials. Stem Cell Res 

Ther 2025;16. https://doi.org/10.1186/s13287-025-04252-2. 

119. Minas T, Gomoll AH, Solhpour S, Rosenberger R, Probst C, Bryant T. Autologous Chondrocyte 

Implantation for Joint Preservation in Patients with Early Osteoarthritis. Clin Orthop Relat Res 

2009;468:147. https://doi.org/10.1007/s11999-009-0998-0. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 29 of 33 

 

120. Lim HC, Park YB, Ha CW, Cole BJ, Lee BK, Jeong HJ, et al. Allogeneic Umbilical Cord Blood-Derived 

Mesenchymal Stem Cell Implantation Versus Microfracture for Large, Full-Thickness Cartilage Defects in 

Older Patients: A Multicenter Randomized Clinical Trial and Extended 5-Year Clinical Follow-up. Orthop 

J Sports Med 2021;9. https://doi.org/10.1177/2325967120973052. 

121. Colombini A, Libonati F, Lopa S, Peretti GM, Moretti M, de Girolamo L. Autologous chondrocyte 

implantation provides good long-term clinical results in the treatment of knee osteoarthritis: a systematic 

review. Knee Surg Sports Traumatol Arthrosc 2023;31:2338–48. https://doi.org/10.1007/s00167-022-07030-2. 

122. Anigwe C, Kucirek NK, Feeley BT, Ma CB, Zhang AL, Lansdown DA. Utilization of Autologous 

Chondrocyte Implantation in the Knee Is Increasing While Reoperation Rates Are Decreasing Despite 

Increasing Preoperative Comorbidities. Arthroscopy—Journal of Arthroscopic and Related Surgery 

2023;39:1464-1471.e1. https://doi.org/10.1016/j.arthro.2022.08.041. 

123. Dhurat R, Sukesh M. Principles and Methods of Preparation of Platelet-Rich Plasma: A Review and 

Author’s Perspective. J Cutan Aesthet Surg 2014;7:189. https://doi.org/10.4103/0974-2077.150734. 

124. Mariani E, Canella V, Cattini L, Kon E, Marcacci M, Di Matteo B, et al. Leukocyte-Rich Platelet-Rich Plasma 

Injections Do Not Up-Modulate Intra-Articular Pro-Inflammatory Cytokines in the Osteoarthritic Knee. 

PLoS One 2016;11:e0156137. https://doi.org/10.1371/JOURNAL.PONE.0156137. 

125. Han Y, Huang H, Pan J, Lin J, Zeng L, Liang G, et al. Meta-analysis Comparing Platelet-Rich Plasma vs 

Hyaluronic Acid Injection in Patients with Knee Osteoarthritis. Pain Medicine: The Official Journal of the 

American Academy of Pain Medicine 2019;20:1418. https://doi.org/10.1093/PM/PNZ011. 

126. Chang KV, Hung CY, Aliwarga F, Wang TG, Han DS, Chen WS. Comparative effectiveness of platelet-rich 

plasma injections for treating knee joint cartilage degenerative pathology: A systematic review and meta-

analysis. Arch Phys Med Rehabil 2014;95:562–75. https://doi.org/10.1016/j.apmr.2013.11.006. 

127. Filardo G, Kon E, Roffi A, Di Matteo B, Merli ML, Marcacci M. Platelet-rich plasma: why intra-articular? A 

systematic review of preclinical studies and clinical evidence on PRP for joint degeneration. Knee Surg 

Sports Traumatol Arthrosc 2015;23:2459–74. https://doi.org/10.1007/S00167-013-2743-1. 

128. Wakayama T, Saita Y, Uchino S, Kobayashi Y, Nishio H, Fukusato S, et al. MRI-Based Evaluation of PRP 

Therapy in Knee Osteoarthritis: WORMS and Synovial Changes at 6 Months. J Clin Med 2025;14:6408. 

https://doi.org/10.3390/JCM14186408. 

129. Chahla J, Mannava S, Cinque ME, Geeslin AG, Codina D, LaPrade RF. Bone Marrow Aspirate Concentrate 

Harvesting and Processing Technique. Arthrosc Tech 2017;6:e441. https://doi.org/10.1016/j.eats.2016.10.024. 

130. Anz AW, Plummer HA, Cohen A, Everts PA, Andrews JR, Hackel JG. Bone Marrow Aspirate Concentrate 

Is Equivalent to Platelet-Rich Plasma for the Treatment of Knee Osteoarthritis at 2 Years: A Prospective 

Randomized Trial. Am J Sports Med 2022;50:618–29. https://doi.org/10.1177/03635465211072554. 

131. Kon E, Boffa A, Andriolo L, Di Martino A, Di Matteo B, Magarelli N, et al. Subchondral and intra-articular 

injections of bone marrow concentrate are a safe and effective treatment for knee osteoarthritis: a 

prospective, multi-center pilot study. Knee Surg Sports Traumatol Arthrosc 2021;29:4232–40. 

https://doi.org/10.1007/S00167-021-06530-X. 

132. Jin QH, Chung YW, Na SM, Ahn HW, Jung DM, Seon JK. Bone marrow aspirate concentration provided 

better results in cartilage regeneration to microfracture in knee of osteoarthritic patients. Knee Surg Sports 

Traumatol Arthrosc 2021;29:1090–7. https://doi.org/10.1007/S00167-020-06099-X. 

133. Gobbi A, Whyte GP. Long-term Clinical Outcomes of One-Stage Cartilage Repair in the Knee With 

Hyaluronic Acid-Based Scaffold Embedded With Mesenchymal Stem Cells Sourced From Bone Marrow 

Aspirate Concentrate. Am J Sports Med 2019;47:1621–8. https://doi.org/10.1177/0363546519845362. 

134. Han JH, Jung M, Chung K, Jung SH, Choi CH, Kim SH. Bone Marrow Aspirate Concentrate Injections for 

the Treatment of Knee Osteoarthritis: A Systematic Review of Randomized Controlled Trials. Orthop J 

Sports Med 2024;12. https://doi.org/10.1177/23259671241296555. 

135. Jawanda H, Khan ZA, Warrier AA, Acuña AJ, Allahabadi S, Kaplan DJ, et al. Platelet-Rich Plasma, Bone 

Marrow Aspirate Concentrate, and Hyaluronic Acid Injections Outperform Corticosteroids in Pain and 

Function Scores at a Minimum of 6 Months as Intra-Articular Injections for Knee Osteoarthritis: A 

Systematic Review and Network …. Arthroscopy: The Journal of Arthroscopic & Related Surgery 

2024;40:1623-1636.e1. https://doi.org/10.1016/j.arthro.2024.01.037. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 30 of 33 

 

136. Ude CC, Shah S, Ogueri KS, Nair LS, Laurencin CT. Stromal Vascular Fraction for Osteoarthritis of the 

Knee Regenerative Engineering. Regen Eng Transl Med 2021;8:210. https://doi.org/10.1007/s40883-021-

00226-x. 

137. Busato A, De Francesco F, Biswas R, Mannucci S, Conti G, Fracasso G, et al. Simple and Rapid Non-

Enzymatic Procedure Allows the Isolation of Structurally Preserved Connective Tissue Micro-Fragments 

Enriched with SVF. Cells 2020;10:36. https://doi.org/10.3390/cells10010036. 

138. Senesi L, De Francesco F, Farinelli L, Manzotti S, Gagliardi G, Papalia GF, et al. Mechanical and Enzymatic 

Procedures to Isolate the Stromal Vascular Fraction From Adipose Tissue: Preliminary Results. Front Cell 

Dev Biol 2019;7:88. https://doi.org/10.3389/fcell.2019.00088. 

139. Ren B, Chang Y, Liu R, Xiao F, Xu J, Li L, et al. Clinical phase I/II trial of SVF therapy for cartilage 

regeneration: A cellular therapy with novel 3D MRI imaging for evaluating chondral defect of knee 

osteoarthritis. Front Cell Dev Biol 2023;11:1106279. https://doi.org/10.3389/fcell.2023.1106279. 

140. Boada-Pladellorens A, Avellanet M, Veiga A, Pages-Bolibar E. Efficacy of Stromal Vascular Fraction 

Treatment for Knee Osteoarthritis: A Single-Arm Experimental Trial. Biomedicines 2025;13:2913. 

https://doi.org/10.3390/biomedicines13122913. 

141. Mehling B, Hric M, Salatkova A, Vetrak R, Santora D, Ovariova M, et al. A Retrospective Study of Stromal 

Vascular Fraction Cell Therapy for Osteoarthritis. J Clin Med Res 2020;12:747–51. 

https://doi.org/10.14740/jocmr4354. 

142. Kim YS, Oh SM, Suh DS, Tak DH, Kwon YB, Koh YG. Arthroscopic Implantation of Adipose-Derived 

Stromal Vascular Fraction Improves Cartilage Regeneration and Pain Relief in Patients With Knee 

Osteoarthritis. Arthrosc Sports Med Rehabil 2023;5:e707–16. https://doi.org/10.1016/j.asmr.2023.03.013. 

143. Han JH, Jung M, Chung K, Moon HS, Jung SH, Byun J, et al. Intra-articular Stromal Vascular Fraction and 

Mesenchymal Stem Cell Injections Show Variable Efficacy and Higher Potential Complications Compared 

to Corticosteroid and Hyaluronic Acid in Treatment of Knee Osteoarthritis: A Meta-analysis of 

Randomized Con…. Arthroscopy: The Journal of Arthroscopic & Related Surgery 2025;41:3666-3680.e13. 

https://doi.org/10.1016/j.arthro.2025.01.050. 

144. Bartlett W, Skinner JA, Gooding CR, Carrington RWJ, Flanagan AM, Briggs TWR, et al. Autologous 

chondrocyte implantation versus matrix-induced autologous chondrocyte implantation for osteochondral 

defects of the knee: a prospective, randomised study. J Bone Joint Surg Br 2005;87:640–5. 

https://doi.org/10.1302/0301-620X.87B5.15905. 

145. Wang AS, Nagelli C V., Lamba A, Saris DBF, Krych AJ, Hevesi M. Minimum 10-Year Outcomes of Matrix-

Induced Autologous Chondrocyte Implantation in the Knee: A Systematic Review. American Journal of 

Sports Medicine 2024;52:2407–14. https://doi.org/10.1177/03635465231205309. 

146. Gholamali I, Vu TT, Jo SH, Park SH, Lim KT. Exploring the Progress of Hyaluronic Acid Hydrogels: 

Synthesis, Characteristics, and Wide-Ranging Applications. Materials 2024;17:2439. 

https://doi.org/10.3390/ma17102439. 

147. Ho TC, Chang CC, Chan HP, Chung TW, Shu CW, Chuang KP, et al. Hydrogels: Properties and 

Applications in Biomedicine. Molecules 2022;27:2902. https://doi.org/10.3390/molecules27092902. 

148. Xu X, Jha AK, Harrington DA, Farach-Carson MC, Jia X. Hyaluronic Acid-Based Hydrogels: from a Natural 

Polysaccharide to Complex Networks. Soft Matter 2012;8:3280. https://doi.org/10.1039/c2sm06463d. 

149. Kim YS, Guilak F. Engineering Hyaluronic Acid for the Development of New Treatment Strategies for 

Osteoarthritis. Int J Mol Sci 2022;23:8662. https://doi.org/10.3390/ijms23158662. 

150. Russu OM, Pop TS, Feier AM, Trâmbițaș C, Incze-Bartha Z, Borodi PG, et al. Treatment Efficacy with a 

Novel Hyaluronic Acid-Based Hydrogel for Osteoarthritis of the Knee. J Pers Med 2021;11:303. 

https://doi.org/10.3390/jpm11040303. 

151. Hsiao MY, Lin AC, Liao WH, Wang TG, Hsu CH, Chen WS, et al. Drug-loaded hyaluronic acid hydrogel 

as a sustained-release regimen with dual effects in early intervention of tendinopathy. Scientific Reports 

2019 9:1 2019;9:4784-. https://doi.org/10.1038/s41598-019-41410-y. 

152. Zhang C, Cheng Z, Zhou Y, Yu Z, Mai H, Xu C, et al. The novel hyaluronic acid granular hydrogel 

attenuates osteoarthritis progression by inhibiting the TLR-2/NF-κB signaling pathway through 

suppressing cellular senescence. Bioeng Transl Med 2022;8:e10475. https://doi.org/10.1002/btm2.10475. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 31 of 33 

 

153. Wu D, Yang S, Gong Z, Zhu X, Hong J, Wang H, et al. Enhanced therapeutic potential of a self-healing 

hyaluronic acid hydrogel for early intervention in osteoarthritis. Mater Today Bio 2024;29:101353. 

https://doi.org/10.1016/j.mtbio.2024.101353. 

154. Ye H, Zhang R, Zhang C, Xia Y, Jin L. Advances in hyaluronic acid: Bioactivity, complexed biomaterials 

and biological application: A review. Asian J Surg 2025;48:49–61. 

https://doi.org/10.1016/j.asjsur.2024.08.100. 

155. Park Y, Ha C, Lee C, Yoon YC, Park Y. Cartilage Regeneration in Osteoarthritic Patients by a Composite of 

Allogeneic Umbilical Cord Blood-Derived Mesenchymal Stem Cells and Hyaluronate Hydrogel: Results 

from a Clinical Trial for Safety and Proof-of-Concept with 7 Years of Extended Follow-Up. Stem Cells 

Transl Med 2016;6:613. https://doi.org/10.5966/sctm.2016-0157. 

156. Ingraldi AL, Audet RG, Tabor AJ. The Preparation and Clinical Efficacy of Amnion-Derived Membranes: 

A Review. Journal of Functional Biomaterials 2023, Vol 14, 2023;14. https://doi.org/10.3390/jfb14100531. 

157. Pill SG, Ahearn B, Tokish JM, Cook C, Siffri PJ, Mercuri JJ, et al. Amniotic Tissue Injections Are an Effective 

Alternative to Corticosteroid Injections for Pain Relief and Function in Patients With Severe Knee 

Osteoarthritis: A Double-Blind, Randomized, Prospective Study. JAAOS Global Research & Reviews 

2025;9:e23.00276. https://doi.org/10.5435/JAAOSGlobal-D-23-00276. 

158. Witherel CE, Yu T, Concannon M, Dampier W, Spiller KL. Immunomodulatory Effects of Human 

Cryopreserved Viable Amniotic Membrane in a Pro-Inflammatory Environment In Vitro. Cell Mol Bioeng 

2017;10:451–62. https://doi.org/10.1007/s12195-017-0494-7. 

159. Gomoll AH, Farr J, Cole BJ, Flanigan DC, Lattermann C, Mandelbaum BR, et al. Safety and Efficacy of an 

Amniotic Suspension Allograft Injection Over 12 Months in a Single-Blinded, Randomized Controlled Trial 

for Symptomatic Osteoarthritis of the Knee. Arthroscopy: The Journal of Arthroscopic & Related Surgery 

2021;37:2246–57. https://doi.org/10.1016/j.arthro.2021.02.044. 

160. Farr J, Gomoll AH, Yanke AB, Strauss EJ, Mowry KC. A Randomized Controlled Single-Blind Study 

Demonstrating Superiority of Amniotic Suspension Allograft Injection Over Hyaluronic Acid and Saline 

Control for Modification of Knee Osteoarthritis Symptoms. J Knee Surg 2019;32:1143–54. 

https://doi.org/10.1055/s-0039-1696672. 

161. Gomoll AH, Mandelbaum BR, Farr J, Archambault WT, Sherman SL, Tabet SK, et al. An Initial Injection 

and a Crossover Injection of Amniotic Suspension Allograft Following Failed Treatment with Hyaluronic 

Acid or Saline Are Equally Effective in the Treatment of Moderate Symptomatic Knee Osteoarthritis Over 

12 Months. Arthroscopy—Journal of Arthroscopic and Related Surgery 2023;39:66–78. 

https://doi.org/10.1016/j.arthro.2022.06.036. 

162. Fu H, Wang C. Micro-fragmented adipose tissue—An innovative therapeutic approach: A narrative 

review. Medicine 2025;104:e41724. https://doi.org/10.1097/MD.0000000000041724. 

163. Maeda T, Sobajima S, Matsumoto T, Tsubosaka M, Matsushita T, Iwaguro H, et al. Comparison of short-

term clinical outcomes of intra-articular injection of micro-fragmented adipose tissue and stromal vascular 

fraction cells for knee osteoarthritis treatment: A retrospective single-center cohort study. Regen Ther 

2025;29:91. https://doi.org/10.1016/j.reth.2025.02.013. 

164. Molnar V, Jeleč Ž, Rod E, Hudetz D, Brlek P, Borić I, et al. Clinical and dGEMRIC Evaluation of 

Microfragmented Adipose Tissue Versus Hyaluronic Acid in Inflammatory Phenotype of Knee 

Osteoarthritis: A Randomized Controlled Trial. Biomedicines 2025, Vol 13, 2025;13. 

https://doi.org/10.3390/biomedicines13092301. 

165. Zaffagnini S, Andriolo L, Boffa A, Poggi A, Cenacchi A, Busacca M, et al. Microfragmented Adipose Tissue 

Versus Platelet-Rich Plasma for the Treatment of Knee Osteoarthritis: A Prospective Randomized 

Controlled Trial at 2-Year Follow-up. American Journal of Sports Medicine 2022;50:2881–92. 

https://doi.org/10.1177/03635465221115821. 

166. Gobbi A, Dallo I, D’Ambrosi R. Autologous microfragmented adipose tissue and leukocyte-poor platelet-

rich plasma combined with hyaluronic acid show comparable clinical outcomes for symptomatic early knee 

osteoarthritis over a two-year follow-up period: a prospective randomized clinica…. European Journal of 

Orthopaedic Surgery & Traumatology 2022;33:1895. https://doi.org/10.1007/s00590-022-03356-2. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 32 of 33 

 

167. Baria M, Pedroza A, Kaeding C, Durgam S, Duerr R, Flanigan D, et al. Platelet-Rich Plasma Versus 

Microfragmented Adipose Tissue for Knee Osteoarthritis: A Randomized Controlled Trial. Orthop J Sports 

Med 2022;10. https://doi.org/10.1177/23259671221120678. 

168. Hochberg MC, Guermazi A, Guehring H, Aydemir A, Wax S, Fleuranceau-Morel P, et al. Effect of Intra-

Articular Sprifermin vs Placebo on Femorotibial Joint Cartilage Thickness in Patients With Osteoarthritis: 

The FORWARD Randomized Clinical Trial. JAMA 2019;322:1360–70. 

https://doi.org/10.1001/jama.2019.14735. 

169. McGuire D, Bowes M, Brett A, Segal NA, Miller M, Rosen D, et al. Study TPX-100-5: intra-articular TPX-

100 significantly delays pathological bone shape change and stabilizes cartilage in moderate to severe 

bilateral knee OA. Arthritis Res Ther 2021;23:242. https://doi.org/10.1186/s13075-021-02622-8. 

170. Yazici Y, Tambiah JRS, Swearingen CJ, Lopez VA, Kennedy S, Fineman MS, et al. A Phase 3, 28-week, 

multicentre, randomised, double-blind, placebo-controlled trial (OA-10) to evaluate the efficacy and safety 

of a single injection of lorecivivint in the target knee joint of moderately to severely symptomatic 

osteoarthritis patients. Clin Exp Rheumatol 2025;43:847–53. 

https://doi.org/10.55563/clinexprheumatol/gskbin. 

171. Swearingen CJ, Tambiah JRS, Simsek I, Ghandehari H, Kennedy S, Yazici Y. Evaluation of Safety and 

Efficacy of a Single Lorecivivint Injection in Patients with Knee Osteoarthritis: A Multicenter, Observational 

Extension Trial. Rheumatology and Therapy 2024 12:1 2025;12:157–71. https://doi.org/10.1007/s40744-024-

00731-9. 

172. Trattnig S, Scotti C, Laurent D, Juras V, Hacker S, Cole B, et al. POS0277 ANABOLIC EFFECT OF LNA043, 

A NOVEL DISEASE-MODIFYING OSTEOARTHRITIS DRUG CANDIDATE: RESULTS FROM AN 

IMAGING-BASED PROOF-OF-CONCEPT TRIAL IN PATIENTS WITH FOCAL ARTICULAR 

CARTILAGE LESIONS. Ann Rheum Dis 2021;80:363. https://doi.org/10.1136/annrheumdis-2021-eular.447. 

173. McGuire FP, Martinez R, Lenz A, Skinner L, Cushman DM. Regeneration or Risk? A Narrative Review of 

BPC-157 for Musculoskeletal Healing. Curr Rev Musculoskelet Med 2025;18:611. 

https://doi.org/10.1007/s12178-025-09990-7. 

174. Krivic A, Anic T, Seiwerth S, Huljev D, Sikiric P. Achilles detachment in rat and stable gastric 

pentadecapeptide BPC 157: Promoted tendon-to-bone healing and opposed corticosteroid aggravation. J 

Orthop Res 2006;24:982–9. https://doi.org/10.1002/jor.20096. 

175. Perovic D, Kolenc D, Bilic V, Somun N, Drmic D, Elabjer E, et al. Stable gastric pentadecapeptide BPC 157 

can improve the healing course of spinal cord injury and lead to functional recovery in rats. J Orthop Surg 

Res 2019;14. https://doi.org/10.1186/s13018-019-1242-6. 

176. Vasireddi N, Hahamyan H, Salata MJ, Karns M, Calcei JG, Voos JE, et al. Emerging Use of BPC-157 in 

Orthopaedic Sports Medicine: A Systematic Review. HSS J 2025;21:15563316251355552. 

https://doi.org/10.1177/15563316251355551. 

177. He L, Feng D, Guo H, Zhou Y, Li Z, Zhang K, et al. Pharmacokinetics, distribution, metabolism, and 

excretion of body-protective compound 157, a potential drug for treating various wounds, in rats and dogs. 

Front Pharmacol 2022;13. https://doi.org/10.3389/fphar.2022.1026182. 

178. Lee E, Padgett B. Intra-Articular Injection of BPC 157 for Multiple Types of Knee Pain. Altern Ther Health 

Med 2021;27:8–13. 

179. Costa C, Incio J, Soares R. Angiogenesis and chronic inflammation: cause or consequence? Angiogenesis 

2007;10:149–66. https://doi.org/10.1007/s10456-007-9074-0. 

180. Salven P, Lymboussaki A, Heikkilä P, Jääskela-Saari H, Enholm B, Aase K, et al. Vascular endothelial 

growth factors VEGF-B and VEGF-C are expressed in human tumors. American Journal of Pathology 

1998;153:103–8. https://doi.org/10.1016/S0002-9440(10)65550-2. 

181. Grabarevic Z, Tisljar M, Artukovic B, Bratulic M, Dzaja P, Seiwerth S, et al. The influence of BPC 157 on 

nitric oxide agonist and antagonist induced lesions in broiler chicks. J Physiol Paris 1997;91:139–49. 

https://doi.org/10.1016/S0928-4257(97)89478-8. 

182. Waheed SM, Ghosh A, Chakravarti R, Biswas A, Haque MM, Panda K, et al. Nitric oxide blocks cellular 

heme insertion into a broad range of heme proteins. Free Radic Biol Med 2010;48:1548–58. 

https://doi.org/10.1016/j.freeradbiomed.2010.02.038. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/


 33 of 33 

 

183. Sikiric P, Seiwerth S, Rucman R, Turkovic B, Rokotov D, Brcic L, et al. Stable gastric pentadecapeptide BPC 

157-NO-system relation. Curr Pharm Des 2014;20:1126–35. https://doi.org/10.2174/13816128113190990411. 

184. Lu P, Ruan D, Huang M, Tian M, Zhu K, Gan Z, et al. Harnessing the potential of hydrogels for advanced 

therapeutic applications: current achievements and future directions. Signal Transduct Target Ther 2024;9. 

https://doi.org/10.1038/s41392-024-01852-x. 

185. Matsui WH. Cancer stem cell signaling pathways. Medicine 2016;95:S8–19. 

https://doi.org/10.1097/MD.0000000000004765. 

186. Lu D, Liu Y, Li W, Ma H, Li T, Ma X, et al. Development and Application of 3D Bioprinted Scaffolds 

Supporting Induced Pluripotent Stem Cells. Biomed Res Int 2021;2021. 

https://doi.org/10.1155/2021/4910816. 

187. Yazdanpanah Z, Johnston JD, Cooper DML, Chen X. 3D Bioprinted Scaffolds for Bone Tissue Engineering: 

State-Of-The-Art and Emerging Technologies. Front Bioeng Biotechnol 2022;10. 

https://doi.org/10.3389/fbioe.2022.824156. 

188. Hsu MN, Chang YH, Truong VA, Lai PL, Nguyen TKN, Hu YC. CRISPR technologies for stem cell 

engineering and regenerative medicine. Biotechnol Adv 2019;37. 

https://doi.org/10.1016/j.biotechadv.2019.107447. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1503.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1503.v1
http://creativecommons.org/licenses/by/4.0/

